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ABSTRACT 

The electrochemistry of some zinc, manganese, and 
iron complexes of meso-tetraphenylporphin at oxidizing 
potentials has been investigated by cyclic voltammetry and 
thin layer spectroelectrochemistry. The anodic reactions 
of the complexes investigated appear to be associated with 
the porphyrin ligand rather than the central metal atom. 
One-electron oxidation at a Pt electrode in non- 
coordinating solvents such as dichloromethane results in 
general in the formation of stable t-cation radicals. 
Abstraction of a single electron from the complex 
acetatotetraphenylporphinatomanganese(III) is followed by 
homogeneous reactions which lead eventually to the 
formation of an acetoxyisoporphyrin cationic complex. 

Removal of an electron from the t-cation radical 
complexes results in the formation of t-dications. These 
are powerful electrophiles and may react further with 
neutral or anionic nucleophiles to yield isoporphyrin 
cations. In all cases, the formation of isoporphyrin 
complexes leads to the appearance of a new reversible 
anodic wave and a new irreversible cathodic wave in the 
cyclic voltammetry of the porphyrin complexes. The new 
voltammetric waves should prove to be useful diagnostic 
criteria for the involvement of isoporphyrin formation in 


studies of porphyrin electrochemistry. 


iv 


= 


brs osdenanenn yanks. anes” te rain 


PE ets tt tl pa a 
pabsibtes Ja Hiitdsogl ere birenagliiae,: 


bas VIIeoRN. );oOvV crore 


yi Te apr teegat ried). ait a he 
Bagot IDSee? PLoS ath {2 Jere a O32 18 f: ao taege aa Wf 
he 


‘ erik 
Atiw Padsiowaia se <4. t499q8) US TEE taSrae bscaatele 
,.490986 ta “yr Vath. fo SYS 188 3H) Hee hy 


‘aon, AL shaun i ds oaks est er 

j iPugaes Ps es re Aye. un mabe picket 
at ; rm 

begins ‘roi teote 9 there Senet ae att, on te 
tae ioe -ca Le : bates te dems 

‘eet Baw i Pan ; ii ck e DTI ape LOA nad Raines 
(tt ou Utne Pealy iG a a sibhonee 


hea? 
ue 
y 
- 


“a 


ie i ‘ 


i ow 
) 


| 8 am ae eit 
Leathad fbtuns-n wes St Dh dagek ids a6 Apel ae 
— sSRCEISSIO-a 0 ris bo eile Bride al iA ijetn amaade I 
hiv Hefiotny s9esk sem rs aatifgtiyssia hahuniel d 
air yfquatbet thi shy Od se DGEBA =I anew: & 


nityigtoanai 4 see Semaoh edt yee aas kee ng Saag 


H a 


> 
wo. 


wo hearm io? Je Tamil iomoa ye 4 


eldleyevey von-8.(Id noRpIRGE GA Sd, oF beet 29%: 


¥ 
1 


ote nt sveW orb git pay afd) erpy elit wei % bo one 


mt heb 


won pit ain ahaa) Araneae ody Yo | jommgsiee’: | 
r a 
a! S¢0npedh Lirdefeu ‘oe q3 a ‘Omg br ueria’ eiAM oad 
ot nolaeead nisyaqaoRced Ge ; reife “gl 09 belek - 
oe ‘ _ Stivell doi fk ; 
Sone aie name ip' 9 
S - nee - : 


| ha ee Oey? et, ¥) | 
eins ota a 


During the course of the work, some electrochemical 
methodology was developed which is promising for porphyrin 
electrochemical studies in particular, and organic and 
bioelectrochemistry in general. Semi-quantitative 
calculations of the resistance-induced potential 
distribution at thin layer electrodes were performed, and 
these led to the design of a thin layer cell which allows 
the use of potential sweep rates an order of magnitude 
greater than those normally used in thin layer 
voltammetry, even when working in highly resistive 
media. The use of specular reflectance spectroscopy to 
monitor the ac voltammetric response is discussed, and the 
application of this technique to the determination of 
heterogeneous charge transfer rate parameters is 


illustrated. 
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CHAPTER 1 


INTRODUCTION AND BACKGROUND MATERIAL ON THE PORPHYRINS 


Miles ntemogucti] on 


The literature dealing with various aspects of the 
chemistry of porphyrins and their metal complexes is 
vast. Most of the research carried out on these compounds 
has had as its objective a better understanding of their 
numerous and diverse biochemical functions. 
Metalloporphyrins, or the structurally similar 
metallochlorins, are intimately involved in photosynthesis 
and respiration. In many organisms, they play key roles 
in the transport, storage, and activation of dioxygen. 
Iron-porphyrin-containing proteins are important mediators 
in the biochemistry of peroxide. It is clear that because 
of the biochemical significance of the porphyrins, the 
importance of a clear understanding of their chemistry 
cannot be overestimated. Two excellent and reasonably 
Current sources of information dealing with the chemistry 
of porphyrins and metalloporphyrins are the book edited by 
Smith [1] and the seven volume collection edited by 


Dolphin [2]. 
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Fuhrhop [3] has noted that the biological role of 
metalloporphyrins invariably involves some aspect of their 
redox behaviour. As such, a significant portion of the 
porphyrin et sean ee treats their redox reactions and 
several reviews of the subject are available [3-6]. 

Much of our understanding of the redox behaviour of 
porphyrins has come from studies utilizing modern 
voltammetric methods, especially cyclic voltammetry. The 
latter technique has proven of value in the elucidation of 
factors affecting redox potentials [7], in studies 
involving the ligation of species other than the porphyrin 
ring to the central metal atom [8], and in studies of the 
heterogeneous charge transfer kinetics of 
metalloporphyrins [9-11]. 

More recently, electrochemists have become interested 
in, theppossibility ofgutilizang porphyrins,,.or,the; closely 
related phthalocyanines, as catalysts for the 
electroreduction of O97 [12]. The interest arises from the 
involvement of oxygen in energy conversion/storage 
systems, i.e. fuel cells. To this end, a number of 
studies [12] have appeared which treat the electrochemical 
reduction of Og in the presence of soluble 
metalloporphyrins, or at electrodes modified by either 
adsorbing or covalently bonding the proposed catalyst to 


the surface. 
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A particularly interesting and rapidly growing area 
of porphyrin chemistry relates to the ability of a number 
of metalloporphyrins to catalyze the oxidation of 
hydrocarbons to alcohols, ketones, or epoxides [13-23]. 
Much of the work has been directed at the development of 
systems which model the action of cytochrome P-450 [18- 
21), an iron porphyrin containing protein which displays 
such catalytic activity in biological systems. Other 
workers have not overlooked the industrial significance of 
catalysts for the functionalization of hydrocarbons 
(aS A ae 

Of the metalloporphyrins which have been studied with 
respect to their ability to promote hydrocarbon oxidation, 
manganese porphyrins perhaps hold the greatest promise. 
The substrates in most of the studies to date have 
contained isolated double bonds and may thus be considered 
activated towards functionalization. Manganese 
porphyrins, however, have been shown to effect the 
oxidation of inert alkanes such as cyclohexane [22] and 
adamantane [20}. For instance, Hill et al. [22] have 
shown that, in the presence of the powerful oxidant 
iodosylbenzene, chloro-tetraphenylporphinatomanganese (III) 
(TPPMnCl) brings about the catalytic conversion of 


cyclohexane to cyclohexanol and cyclohexyl chloride. 
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TPPMnCl,CH3Clo, 25°C : 


Such reactions are believed to involve the transfer of an 
oxygen: atom to the substrate from a porphyrin containing 
high valent manganese, either Mn(IV) [23,24] or Mn(V) 
[Zul 

There exists no a priori reason why such high-valent 
catalytically active species cannot be produced 
electrochemically. Because of the additional control 
afforded in electrochemical as opposed to homogeneous 
reactions [25,26], the prospect of such an accomplishment 
is particularly attractive from a synthetic viewpoint. In 
addition, a long-standing problem in electrochemistry is 
the high overpotential required at the oxygen electrode 
duning the electrolysis of water to Ho, and 05 [25], 
Manganese, in some form, has been shown to play a role in 
the oxidative decomposition of water during photosynthesis 
[27], .and Mn(1V) porphyrin complexes have been at .least 


partially successful models in this regard [28,30]. The 


(f) 


4 
ap 40 tolensis wit evlovni: oF .fevewi lea ara ween 
gninistoes oliytqieg a more exertatwe ape pe won, 


[View so [a8 68] «Vila ganz ia 92 TR taut 


naléeve-igih Hse Yow. HORRY foolag 8 of Betas onde, 
bgoulorg vi jones oe i ia) LNG a 

lortnce Lenwbelna’ “ert2 to Speen at ‘yieenhen 
 aynenegomet og hépagie se onal al i 
insatetiqnoces aa Aim In desesexq 5 » Fe aa ae 

al ,jntoqweie of sensoys A cat evil: pitie’ a 

af y32 vena oats ot eee SES yiPoaade-yneit & yikes | 
sboxssete Amp Oy ta PeTFUupes ‘fet sre reetave: ff i * a 

+ f45] “o bre ct oa lal ie siaylorrsele wid) spa 

ni, ofo2 6 yelG oe et seg pad MIO? son ql ome epee a 

fis abasdanyecsanig ‘pal tub 99 90%, Mer AOE Leqmag sd oy seb ' i 
Me ) . Seams 1 sped ayy rkatahon, aero. ‘V1, ‘ba. ‘ Ss i. 


, wer toe eer lata 2 abana: ‘efwbos inteaaabue “ne 
7 


Pr. 


en ee 4 ee: 
gle kee are, al 


electrochemical production of such species thus holds some 
promise for the electrocatalytic oxidation of water. 

It was the considerations of the previous paragraph 
which originally led to the studies undertaken in this 
work. At the same time, however, it was realized that our 
understanding of the electrochemical behaviour of 
metalloporphyrins is far from being complete enough to 
provide much rationale with which to approach such a 
problem. The literature dealing with the anodic behaviour 
of metalloporphyrins is sparse. In the few cases 
[7,11,35] where manganese porphyrins have been treated, 
oxidation has been reported to occur at the porphyrin 
ring, and not the central metal atom. It was proposed, 
then, to carry out studies of a more fundamental nature 
directed at characterizing some of the anodic chemistry of 
manganese porphyrins, and it was hoped that such efforts 
would contribute to a greater overall understanding of 
metalloporphyrin redox chemistry. 

The stable oxidation state of the metal, i.e. that 
which is found under aerobic conditions, in manganese and 
the closely related but biologically more important iron 
porphyrins, is +3. Since the porphyrin ligand contributes 
a net charge of -2, a counterion is always present in 
accordance with the rules of electroneutrality. In poorly 


coordinating solvents, the counterion is in general bound 
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to the central metal atom. A prime objective of this work 
was to elucidate some of the effects which the counterion 
might exert on the electrochemistry, and in particular, on 
the anodic voltammetry of metalloporphyrins. 

Because the majority of available metalloporphyrins 
are soluble only in nonaqueous solvents, and so that 
coordination of the counterion to the central metal atom 
could be ensured, most of the work has been carried out in 
solvents of low dielectric constant and donor number. 
Electrochemical studies in such poorly conducting media 
are difficult. In addition to problems associated with 
high solution resistivity, solvent purity is often 
Suspect. Because the work deals largely with anodic 
electrochemistry, solid electrodes have been used 
exclusively. These present several disadvantages with 
respect to the easily renewable and reproducible mercury 
electrode surface. 

The problems associated with the application of 
electrochemical techniques at solid electrodes and in non- 
aqueous media have been confronted in this work» to some 
extent, and the first part of thise thesis treats the 
development and application of some methodology which 
partially alleviates some of the difficulties. The 
methods were designed specifically with porphyrin 


electrochemistry in mind, but are applicable in general 
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and hold great promise for organic and bioelectrochemistry 


in particular. 


1.2 Structure and Nomenclature of Porphyrins and Their 
Metal Complexes 


This section is intended to provide a brief 
introduction to the chemistry, structure, and nomenclature 
of porphyrins as they apply to this work. More complete 
discussions of what follows may be found in reference l. 

The term porphyrin applies to any compound derived by 
peripheral substitution of the parent compound porphin 
(I). Porphin itself consists of four pyrrole units linked 
at their a-positions by methine bridges. Under the 
classical system of nomenclature, which is still in common 
use, the B-pyrrole positions are numbered 1-8, while the 
meso positions, i.e. the methine bridges, are designated 


by the Greek letters a, By, Y, 5- 
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Derivatives of porphin containing alkyl substituents 
at the B-pyrrole positions are commonly referred to as 
etio-type porphyrins. These have common names formed by 
attaching a prefix to the word porphyrin. Where different 
isomers may be formed by interchanging the positions of 
two or more substituents, a Roman numeral included as a 
suffix designates a particular isomer. Protoporphyrin IX, 
for instance, refers to one of the most common naturally 
occurring porphyrins. Table 1 (adapted from reference 3) 
provides a listing of prefixes and substitution patterns 
of some of the etio-type porphyrins most frequently 
encountered in the literature. 

Those porphyrins bearing substituents only at the 
four methine bridges are referred to as meso-type 
porphyrins. The four substituents are most commonly 
derivatives of benzene or pyridine. The parent compound 
of this family of porphyrins, a-8-y-5 tetraphenylporphin 
(II) is commercially available in high purity at 
relatively low cost. The Greek letters designating the 
positions of the substituents are commonly neglected in 
much of the literature and will be’ in the rest of this 
work. Where the compound name indicates the presence of 
four identical substituents, it is understood that these 
occur at the meso positions unless information to the 


contrary is provided. Thus tetra-(4-pyridyl)porphin 
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Substitution Patterns and Common Names of Some 


Porphyrin if 2 
Proto-ik Me Vi 
Deutero-IXx Me H 
Meso-IxX Me Et 
Haemato-Ix Me ROH 
Octaethyl Et Bit 
Etio-1 Me Et 

Me = Methyl 

Vet wae a WY tL 

Pr «= PrOplLOniLe acid 

Bt = Ethyl 

ROH = -CH-CH3 


OH 


Table l 


Position 

4 D 

Vi Me 
H Me 
Ee Me 
ROH Me 
Bt Et 
Et Me 


TEC1o-type Porphyrins 


EG 


Swe 


Et 
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indicates four pyridine substituents at the meso positions 
with the pyridine nitrogens four atoms removed from the 
point of attachment of the pyridine ring to the porphyrin 


skeleton. 


The porphin nucleus contains twenty-two t-electrons, 
but only eighteen of these can be included in any single 
cyclic conjugation path. The porphyrins are therefore 
aromatic in accordance with Huckel's 4n + 2 rule. 
Aromatic substituents in meso-type porphyrins such as 
tetraphenylporphin (TPP Hj) are in general rotated 60 to 
90° [31] with respect to the plane of the porphyrin core 
due to steric interaction between the ortho-hydrogens of 
the phenyl substituents and the 8-pyrrolic hydrogens of 
the porphyrin ring. The phenyl groups are therefore 
excluded from any conjugative interaction with the 


porphyrin core. 
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The non-metallated, or free base, porphyrins are 
amphoteric. They can either consecutively lose or accept 
two protons. The N-H protons are only very weakly acidic, 
With phe Values Of (he order +16 [32]. This in pant 
accounts for the very slow rates observed in most metal 
incorporation reactions. On the other hand, both the 
mono- and di-protonated forms are readily formed with 
BKe 2 20 thevrange 2 co 4m" 331. 

The porphyrin dianions resulting from the loss of two 
protons form complexes with metal ions in so-called metal 
insertion reactions to yield metalloporphyrins. By 1974, 
successful insertion reactions had been performed with 56 
metals or metalloids [34]. These include the alkali 
metals Li through Cs, the alkaline earths Mg through Ba, 
all of the transition metals, a number of lanthanides and 
actinides, all the metals of groups IIIA, IVA, and VA, and 
a numberof metal loids such as 6B, Sit’;)and “As. 

The metalloporphyrins often contain metals in unusual 
stable oxidation states (Os(VI), Ag(II), Mn(III) for 
instance), and a particularly wide variety of metal 
coordination environments is available. Buchler [34] has 
proposed a classification scheme for coordination type 
based on stoichiometry and stereochemistry, and at least 
26 of these coordination types have been observed. The 
coordination chemistry of metalloporphyrins as it relates 


to this work will be discussed in subsequent sections. 
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There are a number of structurally related compounds 
which are either directly related to the porphyrins 
through redox reactions, or which have contributed to our 
understanding of porphyrin redox chemistry through 
comparative methodology. 

The term chlorin (III) refers to the structure 
obtained on addition of two hydrogen atoms to the 8 
positions of a porphyrin pyrrole unit. The redox 
chemistry of the chlorins is of singular importance 
because of their involvement in green plant 
photosynthesis. The chlorophylls a and b are magnesium- 
chlorin complexes. Note that although these complexes 
contain only 20 t-electrons, an eighteen electron inner 
conjugation path remains and the aromaticity of the ring 


is undisturbed. 
aN 
H 


pleat 


Phlorin (IV), like chlorin, is a dihydroporphyrin. 
Here, however, hydrogen addition has occurred at one of 


the pyrrole nitrogens and at a meso-carbon. This results 


12 


Ef 


700. 442 Be siunth at dite evel’ one 


ins 


tquetis: vase mace: nota eet 


Mt 6 
ae Rak a 
nae Pen 


ke 


3 


. Ra) heer 
Sr 7ussui2a SAP Ore i LT tes 
. 44. AS 


: Ty 
at} of -amogs neaenoer, ay. tG ati 


4OS68Y, was aha: afoniyt cing 


1 


+ 


mes 160m? reign ie 9G ai 2 von 
insia weery AE ‘ifsmavhavesy. 
Tar it ae “i Fhe! ry “fi A § : Yiig at I. ee a 


a eae > #2905 ra ae HIS 8H Sed) SIO. 
TSP HO250eleo. 0393 Hr? iS ndne sapere ais ok 
Sra’ 25) Yor ile GS ei bite ch haa 


Ottyegregoibydily «4 sirsal ye ahét 5 tnt id, Hi 
1 eno Je, SessUebo BEF pankdibte repay .savamad venett 


aviuegenr ah T (OEE Oa, 6 ied Qife etogaad an nur he 


a; re | 
»f \<.: his : 
j ar h/ 
x i : ; wh faye ; 
7s yD ee nt 
a pre a Par, 
7 + oat es ot | ie ee 


in the interruption of the cyclic conjugation path, and 
the phlorins are therefore not aromatic in the same sense 
as the porphyrins. Iron-phlorin complexes are believed to 
be intermediates in the catabolism of porphyrins leading 
to the formation of bile pigments. Other commonly 
encountered structures where conjugation of the inner 
macrocyclic ring is interrupted include the 
dihydroporphyrin porphodimethene (V) and the hexahydro 
derivative porphyrinogen (VI). 

A great deal of work has been done on the redox 
chemistry of the phthalocyanines (VII) and their metal 
complexes. Comparisons of the redox chemistry of the 
porphyrins and the phthalocyanines have provided 


information concerning how different metal oxidation 


HoH 
H H 
Vv vi 


states are stabilized within the ligand cavity [7,34]. 
The tetrabenzoporphyrins (VIII) are closely related to the 


phthalocyanines. The phthalocyanines are commercially 
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important dyestuffs [36] and have implications as 


catalysts for the electroreduction of 07 Cle 
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Liss Primary Redox Behaviour of Porphyrins and 
Metalloporphyrins 


As previously noted, several reviews [3-6] have 
appeared concerning this topic. These, and in particular 
reference 3, are recommended for more detailed information 
concerning the following discussion. 

The free base, or metal-free, porphyrins may be 
oxidized in successive one-electron steps to yield first a 
m-radical and then a t-dication. The first process occurs 


at ca 1 volt vs SCE, depending on the particular 
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porphyrin, and the second process is generally found at 
about .3 volts more anodic [3]. While the cation radicals 
of substituted etio- or meso-type porphyrins are stable 
for extended periods of time, the cation radical of 
porphin itself is reported to polymerize rapidly [3]. The 
Stability of the cation radicals may therefore be 
attributed in part to steric shielding of the porphyrin 
periphery by the various substituents. In contrast to the 
cation radicals, the porphyrin t-dications are powerful 
electrophiles and react rapidly with nucleophiles such as 
water or methanol [37]. 

Reduction of free base porphyrins leads to production 
of, first, an anion radical, generally at potentials ca -l 
volt vs SCE. These can be further reduced to dianions at 
potentials ca .4 volts more cathodic. The reduced species 
are generally not as stable as the corresponding cationic 
species, and both the anion-radical and dianion have been 
observed to abstract protons [38] from solvents such as 
dimethylformamide (DMF). 

The effect of substituents at the porphyrin periphery 
on the redox potentials may be predicted from the normal 
arguments concerning inductive effects. Thus, electron- 
withdrawing groups shift the potentials anodically, while 
electron-donating substituents have the opposite effect. 


It has: also been noted [3] that the introduction of large 
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substituents which disturb the planarity of the ring 
through steric interactions, as is the case with the meso- 
aryl porphyrins, tends to shift the oxidative and 
reductive processes of the porphyrin ring to more anodic 
potentials. 

In metalloporphyrins, the effect exerted by the 
central metal on the potentials of porphyrin ring 
reductions and oxidations is also believed to be inductive 
in nature. In the case of the simple +2 metal ions (e.g. 
Baté, Mgt2, ant2, pat2), plots of voltammetric half-wave 
potentials for either the first ring reductions or the 
first ring oxidations vs the Pauling electronegativity of 
the metal are linear [39]. In the case of +3 or +4 (e.g. 
Pb(IV), Sn(1IV), Sb(III)) metal ions, the effect of the 
metal on the ring redox potentials is much more 
pronounced, and no simple correlation between Ei/2 values 
and metal property has been found. Assuming that the 
effect is still largely electrostatic in nature, Fuhrhop 
et al. [39] have used iy values to empirically evaluate 
a metal inductive parameter h, analogous to Pauling's 
electronegativities, which may be used to predict the 
midpoint potential of the various redox reactions 
associated with the porphyrin ring. 

In a number of cases both the central metal atom and 


the porphyrin ring are capable of participation in charge 
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transfer reactions. The question of whether a particular 
charge transfer process is associated with the t-system of 
the porphyrin ligand or involves a change in oxidation 
State of the metal ion is an important one. The chemistry 
of the species produced via an electron transfer can be 
expected to be very different depending on whether the 
resultant charge is delocalized through the porphyrin 1- 
system or centered at the metal. Where oxidation is 
involved, Hoff and Reed have noted [44] that the highest 
occupied molecular orbitals of the porphyrin ligand do not 
have the proper symmetry to overlap with any of the metal 
d orbitals, and the possibility of any sort of resonance 
hybrid existing where a positive charge is delocalized 
through metal as well as ligand t-orbitals may therefore 
be excluded. 

The behaviour of the nickel complex of 
tetraphenylporphyrin (Ni(II)TPP) is especially 
interesting. In benzonitrile [40,41] this complex 
undergoes l-electron electrochemical oxidation to a 
species whose esr spectrum indicates the presence of high 
spin, Ni GLiL).<iOnecooking tonliquiticnitrogenatemperatures, 
this esr spectrum disappears over a matter of hours while 
a new one characteristic of a t-cation radical appears. 

In methylene chloride, the temperature dependence is 


reversed [42]. That is, at room temperature Ni(I1)TPP*’ 
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is formed while cooling yields Ni(III)TPP. This behaviour 
illustrates that intramolecular charge transfer between 
the porphyrin t-system and the metal ion can occur, but 
the two species are spectrally distinct. The process is 
best represented as an equilibrium, and not as a resonance 
process, underscoring the reality of the distinction 
between metal centered and ring centered oxidation. A 
Similar equilibrium involving intramolecular charge 
transfer has been observed on oxidation of the iron(II) 
complex of tetrabenzoporphyrin [43]. 

During the late 1960's and early 1970's a great deal 
of attention was directed to the matter of assigning a 
particular redox process to the porphyrin ring or the 
central metal atom. In certain cases a simple 
determination of magnetic moment can provide the criteria 
for distinction. For instance, the Ag(II) complex of 
octaethylporphyrin (Ag(II)OEP) contains paramagnetic a? Ag 
with an unpaired electron in a metal orbital. Abstraction 
of an electron from the metal would result in a 
diamagnetic a8 species, whereas removal of an electron 
from a porphyrin t-orbital would produce a paramagnetic 
species with two unpaired electrons. In fact, diamagnetic 
Ag(III)OEP is produced upon l-electron oxidation of 


Ag(II)OEP [45]. 


18 


ei 


yf 71 " ep | / ff} to 55 77 E74 BC: e fi t Fy tary’ (935i I 1 WpAL- fl AVY Pay TO gt 


eJenwaenerh . 3082" tal 0NOTT Ie LS Sesyisquiy owl: dee nial 


rupiveded S200" . . PAR paren dahon enennig 
‘ geedel eng ge, apse: manne" 


put HOH fips aE beng am Conk bse 
At 


pe 


pu : 


bo Repvag a e oniite it 2) fagtoeqa ages 


PANooes) . pz foros fills aie Cis LA fy ‘pe\a8 4 
j Dit _ 
; an bee 


oo ng ghd i “hotser en2 edly 

Airy “Baek vate aid 

apisds. te! dsshamprin® paaviowds emai 

At sly Fa not eapene ‘fe bavteatiges ‘ae bh 

cele wouganndanegas” 3 

> seexd co a! UPR AM eet Oeee aan sata ner 

. 19948 SAP oS his i260, 26w- mine 

LAY AG ai > iit Qe ay! “<4 2599097 ata 
Junke & ane risdnen cd aa wor 

venta vee i siti ak Henan ti a 2BnS ay 


7 ¢ bKilypA SA? errs © ttt £). oF ‘diina esate 


13fdA fedithie Dejem ern’. netioste ‘Regie he bg 
7 “a 
| * Ow LGtoe ers! ome ae Tei hicidataes ve ao) 
vale os 16 ievenbidedisie Gaerne My aaron 


Dov” Blue fsridrisk MANAG tOR, “ mo 
\ 4 


VIOSAD AME LAD & 9O 


4. nokta Exo’ Aor jospact nogU hes UBosy ar Sane 152) 0A 
Fee) Seethyga <5 


ri ia 
° > 
Le~ , i! 
eo 
i 
a) 
+ hear 
’ : uw 
hd on 
ay 
) 7 ; i 
x. 
u asf ; 
4 a z= 
; ' : ‘ ee 
4 a 2 , UJ ay v 
re : iolf) ky 


19 


In cases where an esr signal is observable, this can 
provide information concerning the nature of the 
product. The esr spectra of porphyrin t-radicals are 
typical of organic free radicals and have line widths less 
than 12 G. Unpaired spin centered at the metal, however, 
gives rise to linewidths »50 G. It is a general 
observation that no esr signal is obtained when both the 
metal and the porphyrin ligand contain unpaired spin 
density. 

Electronic absorbance spectra can be used in many 
cases to ascertain the nature of the product. The 
"normal" metalloporphyrin spectrum consists of a very 
sharp and intense (€ ca 102 mM7~toem7!) band in the 400 nm 
vicinity (the Soret band), and two sharp but less intense 
(e ca 104 mM7lem7!) bands in the 500-700 nm region (the a 
and 8 bands, a indicating the longer wavelength 
transition). When such a spectrum is observed for the 
product of a redox reaction, it may be assumed with 
certainty that no electrons have been added to or removed 
from the porphyrin ligand [3]. On the other hand, 
deviations from this type of spectra do not necessarily 
imply oxidation or reduction of the porphyrin ring. 
Neither Mn(III) nor Fe(III) porphyrins display a normal 


metalloporphyrin spectrum. 
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Bhe spectraltort “arnumber- ‘of imetalloporphyrin't—cation 
radicals have been reported. These all possess broadened 
Soret bands of greatly decreased intensity. A broad and 
generally featureless absorbance extending through the 
visible and into the near-IR region of the spectrum is 
found. In certain cases, apparently depending on the 
ground state symmetry of the t-cation radical [46], a new 
strong band around 700 nm appears, but the broad visible 
absorptions are always present. The appearance of such 
spectral features has often been used to support tm-cation 
radical formulations. 


Voltammetric studes of metalloporphyrins in which 


redox pairs have been unequivocally identified have led to 


the observation of so-called electrochemical regularities 
[39] which can be useful in identifying the product of a 
charge transfer reaction. These are that the first 
reduction and oxidation of the porphyrin ligand are 
Sseparatedmbyy 21250 2/0, sY volts; the removal’ of" ay second 
electron follows the first by an interval of 0.3 + 0.1 
volts; and the addition of a second electron follows the 
£ITrSt “by? O).4vte0. Di volts, 

In all but a very few cases application of the above 
criteria has led to successful identification of the 
electron transfer site. The most notable disputed case 


involves the oxidation of ferric porphyrin complexes. 
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Based on electronic absorbance spectra, electrochemical 
regularities, and magnetic susceptibility measurements the 
l-electron electrochemical oxidations of ClFe(III)TPP 
eso] Cand..of CHE COMP eiGL IT PP [41] had been ascribed to 
cation radical formation. Other workers favoured an 
Fe(IV) formulation. This was based on the observation 
that the pmr shift of the phenyl protons of the u-oxo 
dimer ([Fe(III)TPP]50)* was less than that expected by 
comparison with authentic cation radicals such as 

Pn PI TPP ecand Mg (il) BPP if5/ 47] 4) Bt was: lalsoinoted 
that the observed magnetic moment of the oxidized monomers 
corresponded to a total spin (S = 2) consistent with the 
presence of high spin ad? Fe(Iv). 

The case for cation-radical formation has recently 
been reargued based on voltammetric behaviour inconsistent 
with metal oxidation [48], and on the observation of a 
strong band at ca i230 cml, supposedly diagnostic of 
meso-tetraarylporphyrin t-cation radicals, in the oxidized 
products of Clre(1lP)iPP andy [re( lit) TPP]50, [44]. The 
argument has recently culminated in the appearance of the 
X-ray structures of oxidized formseof C1lFe(III)TPP and 
ClO,gFe(III)TPP [49]. The structures of both of these 
products provide strong evidence for the cation-radical 
formudcation. Sinvadaition, the Fe( Iii) atom of the 


[ClFe(III)TPP]* cation was found to lie significantly out 
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Ob cthe iplane of tthesperphyrinrnitrogens.: | This'tprovides a 
rationalization for the anomalous magnetic moment 
previously cited for monomer cation radicals, in that the 
metal dy 2-4 orbital is now in a position to interact with 
the porphyrin t-orbitals allowing for anti-ferromagnetic 
exchange between an unpaired electron on the metal and one 
associated with the porphyrin. In fact, the magnetic 
moment. tof: (C10), )>Fe GLY) TPP, Vein. which. ‘thel‘metalk was found 
to lie in the porphyrin plane, was determined to be 6.5 Up 
(S = 3) unequivocally identifying this complex as a 
PpOEDDyrEn -cation (radical containing high spiniFe (LIT), 
These findings, along with evidence from Mossbauer [50] 
and NMR [51] measurements, leave little doubt as to the 
correctness of earlier assumptions that electrochemical 
Oxidation) of. 5S-coordinmate: Fe(Iid porphyrins ‘leads ‘to 1- 


cations radicals. 


lind) aiCoordination Chemistry of Manganese Porphyrins 


The coordination chemistry of manganese porphyrins 
has been reviewed through 1971 [52]. Most of the early 
work on manganese porphyrins was carried out because it 
was felt they might provide models for the manganese 
dependent evolution of oxygen in green plant 


photosynthesis. In addition, the abnormal electronic 
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absorption spectra observed for the Mn(III) porphyrin 
complexes was supposedly indicative of an unusual 


electronic structure. 


eae eM GLEE’) Porphyrins 


When ;Mn( lds) salts aMnX5<+xH50, X= CHzCO> ».-Clijy,.etc. ) 
are refluxed with a free base porphyrin under aerobic 
conditions in a suitable solvent, the corresponding 
Mn(III) porphyrin complex (XMn(III)P, where P represents 
the porphyrin ligand) is obtained. The metal insertion 
reactions, do. not.proceed, to any, appreciable extent. if ,O9 
is rigorously excluded. 

The Mn(III) porphyrins are in general 5-coordinate 
and contain high spin a4 Manganese. Even coordination of 
the strong field ligand CN’ does not produce a low spin 
species [53]. The only known low spin Mn(III) porphyrins 
are the six-coordinate bis-imidazolate complex 
(Im)>Mn(III)TPP]~ [54], and the six-coordinate nitrosyl 
cyano complex (NO)(CN)Mn(IIL)TPP [59]. The preference for 
high spin electronic configurations contrasts sharply with 
the behaviour of the Fe(III) porphyrins, which may contain 
either high, low, or intermediate spin iron [55], 
depending on the nature of the coordination environment. 

Several molecular structures [31,53] from X-ray 


diffraction techniques are now available for Mn(IITI) 
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complexes of tetraphenylporphin. In all cases, the 
manganese atom is displaced from the plane of the 
porphyrin nitrogens by ca 0.25 A, as illustrated in Figure 
1. The distances een are taken from an X-ray 
Guetraction study ofr .cuMnnitil) TPP [52]. 

The out of plane distance in the Mn(III) porphyrins 
is generally just over half of that found in the 
corresponding high spin Fe(III) complexes. In the iron 


porphyrins, the metal di 232 orbital is singly occupied. 


y 
This is strongly anti-bonding with respect to the occupied 
Sigma orbitals of the porphyrin nitrogens, and the out of 
plane movement of the metal atom minimizes this 
unfavourable interaction. In the Mn(III) complexes, 


however, the d.2>,2@0rDitaleis unoccupied, and the out of 


y 
plane posrtilonwor the metal atom is thought to result f£Erom 
steric interaction between the axial ligand and the 
POLDHViiel ten LETOCenSaee Woe LINDL LRUPP, for instance, the 
N-*€l distance [31] “is* nearly equal to the sum of the 
atomic radii, disallowing closer approach of the chloride 
to the porphyrin. Interaction between chloride~and 
Mn(III) then draws the metal out o€& the porphyrin plane. 
The out of plane displacement leaves the central 
metal atom in a distorted square pyramidal coordination 


environment. Figure 2 illustrates qualitatively the 


energy level ordering of the individual metal d 
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Figure 1. Out of plane displacement in C1l1Mn(III)TPP. 
Bond distances shown are in angstroms, 
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Figure 2. Qualitative energy level ordering of d 

orbitals in 5-coordinate Mn(III) porphyrins. The x 
and y axes are directed at the porphyrin nitrogens; 
the z axis is perpendicular to the porphyrin plane. 
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orbitals. The splitting of the higher energy eg orbitals 
is identical to that found in square planar configurations 
and arises from the same effect. Removal of a ligand on 
the z-axis results in a lowering of the d,2 orbital energy 
and an accompanying increase in the energy of the d,2_,,2 


Orbital. The splitting of the lower energy e, orbitals, 


g 
however, is not that which might be expected by analogy to 
the square planar case where the d,, and dz Onbitalis lie 


lower in energy than the dyy GrbivalviyrThis tisipardirect 
consequence of the out of plane movement of the metal. 


imeAzAdey. Orbital ponermalby. lying cin tthe porphyrin plane, 


y. 
interacts less strongly with the porphyrin nitrogens as 
the metal moves out along the z-axis. Its energy is 

thene fore rdecreasedwwhilereherenergy ‘of the d,> and dyz 
orbitals is increased, in accordance with the preservation 
of an energy barycenter. This orbital scheme is commonly 
applied to both Fe and Mn porphyrins to predict ligand 
field effects. 

X-ray studies have also provided information 
concerning the mode of bonding between the metal and 
counterion. For instance, the Mn-Gl bond distance in 
GIMmGHET TPP ,isinequal ftoethe sumtof ithe hionic cradims ~ In 
C1lFe(III)TPP, however, the Fe-Cl distance is considerably 


shorter, and the decrease observed cannot be accounted for 


by the increase in nuclear charge in going from Mn(III) to 
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Fe(III) [31]. The axial bonding (i.e. that involving 
ligands situated on an axis through the metal atom and 
perpendicular to the porphyrin plane) in Mn(III) 
porphyrins is in general found to be weaker than in their 
Fe(III) analogues, and is believed to be largely 
electrostatic in nature. Ongthe other hand,:Mn(1I11) bonds 
more strongly to the porphyrin nitrogens than does 
Fe(III). 

As has been noted, Mn(III) porphyrins display 
abnormal electronic spectra. The distinguishing feature 
is that the intense Soret band of the normal 
metalloporphyrin spectrum is split into two bands. 
Boucher [52] has suggested that the anomolous behaviour 


(d ) 


results from bonding t-back between the metal e XZ,YZ 


g 
orbitals and the antibonding t* orbitals of the porphyrin 
ligand. The singularity of Mn(III) in this respect is not 
understood, however. Figure 3 illustrates the visible 
spectra of CiMn@hiD) TPP, andjetor comparison; that of 
Zn(II)TPP (taken from this work), which displays a normal 
metalloporphyrin spectrum. The numbering of the bands for 
the manganese complex follows the system introduced by 
Boucher [52], and is in common use in the literature 
dealing with manganese porphyrins. The term "Soret", as 


applied to manganese porphyrins in this work, will refer 


to band V. 
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Figure 3a. 


an CoH) Clo. 
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Electronic absorption spectrum of C1Mn(III)TPP 
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In non-bonding solvents such as CHjClo, the spectra 
of manganese porphyrins are highly dependent on the 
counterion, while in coordinating solvents like pyridine 
or damecnyTsurroe ids (DMSO) no dependence on counterion is 
observed. This has been taken as evidence (52) that the 
counterion remains coordinated to the manganese in 
solvents of low donor number, but is replaced according to 
equigabrial(2). and) 3). (xAn-.counterion,.S _= solvent,,.and 


the ellipse represents the porphyrin ligand). 


s | + 
j + 7 + 
Gand )+s =] 
S (3) 


That equilibrium (1) involves substitution of, and not 
addition trans to,. the counterion has been determined by 
polarographically monitoring the free chloride 


concentration while titrating dichloroethane solutions of 
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C1Mn(III)TPP with donor molecules, S, such as pyridine or 


DMSOa j[ 351% 


Teas MCL) Porphyrins 


The Mn(II) porphyrin complexes may be prepared by 
Crecltrochemical reductron ati.ca —0.1 V vs SCE [56], “or by 
chemical reduction with a variety of reductants [56,57]. 
In thes presence of 05, and at) room temperature, these 
revert back to as yet unidentified Mn(III) species [58,60] 
while at low temperatures reversible binding of dioxygen 
has been observed [61]. 

Mn(II) porphyrins share the preference of their 
oxidized redox partners for high spin configurations. 


Here, mhoweve riche, 20029 orbi vel,2 directed" aty ithe 


may. 
porphyrin nitrogens, is occupied resulting ina 
substantially increased out of plane displacement of the 
metal atom in 5-coordinate Mn(II) porphyrins relative to 
the 5-coordinate Mn(III) species. In the complex (N- 
MeIm)Mn(II)TPP (N-MeIM = N-methylimidazole), for instance, 
the out of plane distance of the Mn(II) ion is 0.56 A 
[57]. In the 4-coordinate species Mn(II)TPP, this 
Gistance is reduced to 0.14 A, underscoring the importance 
of axial ligation in determining the position of the metal 


within the porphyrin cavity. No examples of 6-coordinate 


Mn(II) porphyrins are known. 


3.2 


‘ ee Ounce airs bey a ae —_— 
; <= ' ; : ee The 7 . ayy 4 ll La, 


6.5, OW ele ae 7 
eat 4 OG 
at ; ) sat ye 
D i \ y 
“ye Seid ay. be hel 7) dain vei 
r se ; y ; 
; "3H 


“] DoPeontg ec Wen 2 IROL GR oA ES fle dese a 9 


mo, 4 TOG) Gos! aay Leos Gy te so kanlibiaes 7 


> = ae 
= , cae Cae iS nis P ated 4 bb S S99 4 
; ¥ , oar nv ; at 


ae Ch WU Sette Ts ra te see ue go: eo 
toa. @2) seenyGe > CRE LAM bbees Baad Leb wet ae ont nats 
YSAYMOLE -to-patheyrd, ela fearon any ove a ginger wot "sk a tt | 

| | (2) pawn. sate 
ttodt°4o .ssnsigtery iad cae) aoe ig vt}o 


Tie 


_aholaetuortites tae Ain tat ior Racer hatian | 
W179. 36 Hadas tS aitegzttse yn ye oe. wt 
6 ty aban petar ish a er f 
std to spisnava laa tn onl ettg sis | 
A Ml oer 
? Sv iteias sata a ieee air | 
=i) nat gman 6 it, HL, Psat ery oH a ; me 
: Jtedant sod teie Sabimibymsoney Sait ; TRE RLM ate 
A GE @: ngs (2hyath, taige: qe ey, apt ci 00 wire 
Sind. det Nd Sc teh Buabey, sig ” fs ta 
wanedwoguy orls vixe ior tide aoe 3 i, og paoined ag oa 
; i mit AG Hod eheny any ee eine Peo ttomeh a val 
*) StenthaweiAe 1-5} goend idm, \ayarvee cited sae brig 
i ae | eae et saweny: ‘ix, aati ; ry 
af Gy le LY Seen aie 
eo, : i oy 


33 


Somewhat surprisingly, the Mn(II) porphyrins possess 
normal metalloporphyrin electronic absorption spectra with 
an intense, unsplit Soret band “at ca 400 fhm. This 
apparently indicates decreased interaction between the 


porphyrin t* orbitals and the metal atom. 


ea. 3. MNCIV) arnd-Mn Gy) Porphyrins 


As already noted, the higher valent manganese - 
porphyrin complexes are of special interest because of 
their potential usefulness as catalysts for hydrocarbon 
and water oxidation. Loach and Calvin [62] were the first 
to tentatively identify a Mn(IV) species. A product 
suggested to be (OH) .Mn(IV)Hpor (Hpor = Hematoporphyrin 
dianion) was observed upon l-electron sodium hypochlorite 
oxidationsgor (OH )Mn(iitjhpor at pH 2 9 in ethanol-water 
mixtures. As has been noted by Harriman [63] and Boucher 
[52], however, the evidence for Mn(IV) is not altogether 
compelling, and the electronic spectrum reported is more 
consistent with a cation radical formulation. The 
(OH)Mn(III)Hpor/NaOCl system does, however, bring about 
the oxidative cleavage of a number of ethers [64], and 
evidence has been presented that the midpoint potential of 
the associated redox couple at pH < 9 lies above that for 


ther oxtdatron of water’ [30,65] 
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More convincing evidence for the existence of high 
valent manganese porphyrins has come from the reactions of 
AMn( Id. )PPP (Xe:s, Claw Brs-, N°) with iodosylbenzene in 
nonaqueous solvents [20,22]. The spectra of species 
isolated from such reaction mixtures are not indicative of 
cation radical formation and contain an intense, though 
somewhat broadened, Soret band at 415 nm. 

Because iodosylbenzene contains two oxidizing 
equivalents, the resulting species were originally 
believed to contain Mn(V), in accordance with reaction 


(4). 


Apparently identical electronic spectra have been 
obtained, however, on reaction of Mn(II)TPP with 
iodosylbenzene [24], and with O5 [18]. (The latter system 
is catalytically active towards hydrocarbon oxidation. ) 
The implication in these studies is that the product 
contains Mn(IV). Hill and Schardt [66] have recently 
reported the X-ray characterization of a uw-oxobridged 


Mn(IV) dimeric species [N3Mn(IV)TPP]20 prepared by 


34 


dpid te anata tae aa 46, spocaniia 9 
ee ‘aeed® + ieT crs ed aii taiats mee enon 


eos 
sever sib wisciiad sores (" “eh ) Phe ae 
aaioste 4 si donge sit -fa&, wer 


he 


ia eviteor tas ion S38 @ereteay aves ibd nama a 
ADWORDS ,s@eSlii 1s ALASROo iz. , 1 a 


> ~ 1 ’ ; 7 ; 7 a 2 
my cf Pe Den, 14 0g Ree ot 


a7 
j 5 . iat sa Leto Shas 
t 
if b > Flo eoerpedia wis tha 


ee | ; ca an 


ee > f : = Py ay 
het w 59 PRD Tit of ih AV eee Ta eiee ee 4 de. 


: a Pree 


Me RS 
settle ‘ave BIAGsGz) hart fppkay aie al 
taie TTT ES nt 26) ng iaes HE, 


nate v2 Jag deh: ert): Bae siai9. Pap. vt ei penne: 
(tort eGive horteso deed: enxapin Sutdod ae 
aoe arty a =f eoiitaas bohdd tts rit ee 
elingoa: sven. 13d) rh lee brie, eet 7 Va aa 


hepbiadiaxg- 6/90 Bg shen eee eee sate: = to f 


a ; Ln) ae ; : aye 
ee. | . .eaeee C8 eke 


reaction of iodosylbenzene and N3Mn(III)TPP, and species 
such as this might resolve the apparent anomolies. In 
none of the iodosylbenzene reactions has the reaction 
Stoichiometry been determined. 

Irradiation of N3Mn(III)TMP (TMP = tetramesityl- 
porphin dianion), reaction (5) [67], and hypochlorite 
oxidation Of \(CH[O)Mntt Ea) TTP: (TTP = tetra(p-tolyl)porphin 
dianion) in the presence of ammonia [68] have very 
recently led to the isolation of the corresponding 
porphyrin complexes described as containing Mn(V), and 
Wihiehn contain a Mn=N triple bond. The nitrido Mn(V) 
porphyrins are exceptionally stable, and are reported to 


resist reduction by sodium anthracenide [68]. 
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CHAPTER 2 


EXPERIMENTAL 


Zoy PP reparatiionn of Compounds 


Cee en ek Re 
This was prepared after the method recommended by 
Adler et al. [69]. Zinc acetate was first prepared by 
retluxing 200. mi. of cglacialwacetac., acid: over sinc, dust, for 
~2 h. The mixture was filtered to remove unreacted 
ZiNCe ts Atters. concentrating whe filerate to..ca 50 mL, and 
cooling, 3 g of white crystalline material were obtained. 
One g of the zinc acetate so prepared was added to 
400 mL of DMF containing 1 g of tetraphenylporphin 
(Aldrich) and the resulting mixture was refluxed for 2 
h. The solvent was then removed by evaporation on a steam 
bath, and the resulting solid residue was washed with 
water. After drying, this was taken up in chloroform and 
chromatographed on an alumina column. Unreacted TPPH, 
eluted first as a sharp purple band closely following the 
solvent (CHC13) front. This was followed by a red band 


containing Zn(II)TPP. A blue band (product not 
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characterized) eluted at much later times. Addition of 
GeO phot he tCHE Ia ehraction containing 2n(1L)TPP caused 
the metalloporphyrin to precipitate. This was collected 
by filtration and Oe imevacuo povernight;sat, 7.0°Gss The 
uv-vis absorption spectra and the cyclic voltammetric 
half-wave potentials of the product agree with those 


Reported cin the, gliterature, for Zn(11.).TPP..[.70).. 


Dieiks 2 (CH3CO> )Mn(IIl)TPP 


This, again, was prepared after Adler's DMF method 
L69erOne Gg. Of Mn (CH3CO9)9°4H20 was added to 250 mL of 
refluxing DMF containing 2.5 g of TPPH5. The reaction was 
EOLLowed to completion (~30 min) by thin layer 
chromatography on alumina, uSing chloroform as solvent, by 
watching for the disappearance of the purple spot at the 
solvent front due to TPPH». The solvent was then 
evaporated on a steam bath. (Adler has recommended the 
addition of an excess of water to precipitate the 
metalloporphyrins formed. That procedure has worked well 
in this laboratory with zine and iron porphyrins, but with 
manganese it results in a colloidal dispersion from which 
product recovery by filtration requires several days. 
Addition of a large excess of NaCH3CO 9, or heating, is 


only partially successful in bringing about coagulation. ) 
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After washing with water, the solid residue was 
extracted into methanol using Soxhlet apparatus. VUPPH> 
is totally insoluble in methanol, and most of its metal 
complexes, excluding manganese, are only very slightly 
soluble.) The methanol was then removed by evaporation 
and the resulting product was recrystallized from glacial 
acetic acid containing 20% (by volume) acetic anhydride. 
The product was dried overnight in vacuo at 90°C. The 
resulting dark green crystals displayed uv-vis absorption 
spectra and voltammetric behaviour identical to those of 
authentic samples of (CH3CO9)Mn(III)TPP obtained from 


Porphyrin’ Products Ane. Logan, * Utah. 


Zee Mn Cll i) (ee Ke ee lemmBre | 1» ClO,” 7 -CEsCO> | 


The strategy developed here for the preparation of 
these compounds is based on simple acid-base chemistry. 
Acetic acid is a weak acid, and acetate ion should 
therefore be displaced by X~ in acidic media provided HX 
is a stronger acid. 

Two hundred mg of (CH3CO7)Mn(III)TPP were dissolved 
in) DO uml Of smethanol. (ito this. solution, 324 mL, of. an 
aqueous solution 1 M in the desired acid, HX, were 
added. After stirring for a few minutes, 350 mL of H20 
were added dropwise to facilitate precipitation of the 


product. (Rapid addition of H20 should be avoided, as the 
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resulting precipitate is too fine to be conveniently 
collected by filtration.) The product was recovered by 
filtration and washed with water. The recovery is 
essentially eGantiea as judged by the lack of colour 
in the filtrate. The whole procedure was repeated a 
second time to ensure complete replacement of the acetate 
ion, and the products were dried overnight in vacuo at 
90°C. (The second acid treatment is apparently not 
necessary as it produces no further changes in the visible 
absorption spectra of the complexes. ) 

Addition of HF to methanol solutions of 
(CH COs) Mo. LULUIEE resulted in immediate formation of a 
green precipitate which proved to be insoluble in all 
common solvents. Similar observations have been made by 
Kelly and Kadish [35] in their attempts to isolate 
FMn(III)TPP from aqueous KF solutions. Because of its 
insolubility, the product was not studied further. 

That acetate is replaced by this method is verified 
by the changes that occur in the visible absorption 
spectra (Table 2), by the very different voltammetric 
behaviour observed for the various compounds, and by the 
absence of acetate C-H (2900 cm7!) and C=O (1624 cm71) 
stretching vibrations observed in the KBr disc IR spectrum 
of (CH3CO7)Mn(III)TPP. The trifluoroacetate and 


perchlorate complexes possess strong IR absorptions at 
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Table 2 
Rea CLOar ©) 

xX Tit IV V VI 
Se ea ee WAY es ee Wile 
CH3CO>_ 6061 713.8)) 568( 3.9) 4269% 5. 1) SUA sO.) 
CF3COy 608( 4.0) Dro 4) 474( 530) SOIT A ya) 
Gi 619( 4.0) DOB4 3.9) 275:( 5.0; 374 (457) 
Br 623 (4.0) 587( 3,9) 484( 4.9) 379( 4.8) 
ee 636 (4507) 6OLC3..8)) 498( 4.7) 389( 4.9) 
C1047 606.6 -3:49.) 569( 4,0) AS (* 4.6:) SEO 4.8) 


CH30- 614-39") D7 KG 3:69.) 471(~4.8) 374(~4.6) 
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1700 cm~1 (v, C=O) and 1120 cm! (v, C104) respectively, 
verifying the presence of the desired anion. All products 
were further characterized by elemental analysis (Table 
See LOT wthe halides [71] and the perchlorate complex 
[35,54], the position of the uv-vis absorption maxima are 
in excellent agreement with those reported in the 
literature. The trifluoroacetate complex has not been 
previously characterized. Thin layer chromatography on 
alumina with CHC1l3 as solvent gives only a single spot for 
all compounds, indicating no demetallation or 


decomposition of the porphyrin has occurred. 


2.1.4 (CH30)Mn(III)TPP 


Methanol was first refluxed over Mg turnings for 6 h 
in order to remove water and then distilled. To 400 mL of 
the "anhydrous" product were added 0.5 g of 
(CH3CO7)Mn(III)TPP and 0.2 g of anhydrous sodium 
methoxide. The resulting mixture was then concentrated to 
~70 mL by heating and passing a stream of dry argon over 
the solution. The mixture was cooled and allowed to stand 
overnight, yielding dark green crystals. These were 
collected by filtration and dried in vacuo at 80°C. 

That acetate ion had been replaced was verified by 
the changes in the electronic absorption spectra (Table 


2), and the absence of the 1624 cm~! band in the KBr disc 
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IR spectrum of the product. Methoxide complexes of 
metalloporphyrins have been reported to possess IR 
absorptions in the region 1000 to 1100 em LA bE2)Paniarl of 
the manganese porphyrins prepared here display sharp 
intense bands at 1070 cm~!. This band in the methoxide 
complex is considerably broader than in the other 
complexes, and a shoulder at 1060 cm71 may be due to the 
methoxide C-O stretching vibration. A weak band at 2900 
cm7! indicates the presence of non-aromatic C-H. 

The mass spectrum of the compound displays a 
relatively intense peak at m/e = 31 (consistent with 
CH307) which is not present in the mass spectra of the 
other complexes reported. This is three times more 
intense than a peak observed at m/e = 32, suggesting that 
the peak at m/e = 31 arises from methoxide, and not 
methanol. (The ratio of the peak intensity at 31 mass 
Unis tor that tat 32716, reported as 1.6 in the mass 
spectrum of MeOH [73].) 

Thin layer chromatography of the complex on silica 
gel with CHCl3 as solvent displays a purple spot™at the 
solvent front (TPPH5), a faint yellow spot eluting at 
later times, and a dark green immobile spot due to the 
metal-porphyrin complex. Clearly some decomposition of 
the manganese porphyrin has occurred. Boucher [74] has 


also observed decomposition of manganese porphyrins when 
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isolating them from strongly basic solutions. The purity 
of the compound prepared here was estimated at 90-95% by 
comparing the absorbance of band V of the electronic 
spectra observed in, CHAO8 Concaining Ol M HCl toethat 
observed for C1Mn(III)TPP in the same solvent mixture. 
(The absorption maxima of both solutions occur at 


identical wavelength. ) 


2.1.5 (Et4N*)(CH3CO2~), (Me4N*)(CF3CO27) 
Tetraethylammonium acetate and tetramethylammonium 
trifluoroacetate were prepared by the method described by 
Goering et al. [75] for the preparation of 
tetramethylammonium acetate. Three mL of glacial acetic 
acid were titrated with a 10% aqueous solution of 
tetraethylammonium hydroxide until neutral to bromothymol 
blue. ‘The water was then removed in vacuo at 60°C and the 
resulting solid residue was recrystallized from acetone. 
The product was then dried again at 50°C in vacuo. 
Tetramethylammonium trifluoroacetate was prepared in an 
identical manner by titration of trifluoroacetic acid with 
10% aqueous tetramethylammonium hydroxide. The presence 
of the desired anions was verified by the appearance of 
the appropriate band in the KBr disc IR spectra of the 
products (CF3C0j, v C=O at 1660 cm™+; CH3COzr v C=O at 
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2-2 Electrochemical Experiments 


2.2.1 Reference Electrodes 

A saturated calomel electrode (SCE) was used to 
provide a reference potential for the majority of the 
voltammetric experiments performed. The details of its 
construction are shown in Figure 4. The calomel paste was 
prepared according to Adams [76]. A few drops of Hg were 
added to a mortar containing mercurous chloride and ground 
untit the surface Of tChesHgoCcls was wniformlyigray. Just 
enough saturated aqueous KCl was then added to provide a 
thick paste on further grinding. The SCE was stored ina 
Saturated KCl solution when not in use. 

A Ag/Agt reference electrode was used in some of the 
experiments where acetonitrile was the solvent. This was 
of identical construction except that the calomel paste 
and Hg contact were replaced by a silver wire. The 
filling solution in this case was acetonitrile containing 


0.1 M tetrabutylammonium perchlorate and 0.01 M AgNO3- 


23202 ‘Electrochemical Cell for Voltammetric Experiments 


The design of the cell used for chronocoulometry, 
cyclic voltammetry, and alternating current voltammetry is 
Ppustracedaintri gure 5. [his is a conventional, three 


electrode configuration. The working electrode consisted 
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Figure 4. 
electrode. 


Hg>Cls, sat. KCl, Hg paste ~ 


Sat--KEl 
=D (Frit 


Construction of saturated calomel reference 
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. Working electrode 
. Counter electrode B 

. Reference electrode (Ag/Ag ) 
Frit (porosity D) 

. Luggin 

. Gas inlet 

. Gas Exit 
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Fieure 5. Electrochemical cell used for voltammetric 
experiments. 
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of a platinum wire 7 mm in length and 1 mm in diameter. 
This was surrounded by a platinum wire counter electrode 
formed into a helical configuration. The reference 
potential was sensed ae thevtip of Va=Luggin® capi ltary 
(o.d. - 1.5 mm) positioned 2-3 mm from the surface of the 
working electrode. 

A glassy carbon working electrode was used in some 
experiments. This consisted of a glassy carbon disc 3 mm 
in diameter fitted into a 3 mm i.d. glass tube and sealed 
with epoxy. The surface of the glassy carbon disc was 
polished to a mirror finish on a felt polishing pad with 
Csseumealuminartpolirshing powder yi Blectricalw’contact to 
the carbon disc was achieved via a small quantity of Hg 
inside the glass tube and situated on top of the carbon 
dise.™ ‘Connection to they potentiostat was achieved via a 


copper wire inserted into the Hg pool. 


26205 “SOLVents, Supporting Blectrolytes and Other 
Reagents 


Tetra(n-butyl)ammonium perchlorate (TBAP) served as 
Supporting electrolyte for all nonaqueous experiments. 


This was used as received from either Fluka or 


Southwestern Analytical Chemicals after drying in a vacuum 


oven at 40°C. 
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The majority of the porphyrin voltammetric 
experiments were carried out in either dichloromethane or 
1,2-dichloroethane. No difference in the electrochemical 
behaviour of any of the Species investigated was noted in 
changing from one of these solvents to the other. CH5C1l5 
was found to be preferable in terms of the simplicity of 
the purification procedure required to achieve 
Satisfactory residual current levels in voltammetric 
experiments, ‘but ;its ‘volatility makes it too difficult to 
use in experiments where the concentration of 
electroactive species must be accurately known, and in 
these cases C9H4Clo2 has been found to be a satisfactory 
replacement. The solubility of some of the porphyrins 
investigated is considerably less in dichloroethane than 
in dichloromethane, however. 

Dichloromethane was distilled from CaHy, retaining 
the middle 60%. This was stored in the dark and passed 
through a column of activated basic alumina (Woelm Super) 
immediately prior to use. Dichloroethane was first 
extracted with an equal volume of cold concentrated 
H7SO4- This was followed by extraction with 10 equal 
volume portions of 5% aqueous NaOH [77]. This was then 
dried over anhydrous Na S04, followed by fractional 
distillation from CaHy, The product was stored in the 
dark and passed through a basic alumina column prior to 


use. 
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Chloride ion appears aS a common contaminant in 
chlorocarbon solvents. The manganese porphyrin complexes 
described here provide a very convenient means of 
assessing the eveeun of this contamination at very low 
levels. Figure 6 illustrates the electronic absorption 
spectrum of 9.07 x 1022 MetCHsCO>)Mn(LII)TPP obtained in 
CoH4gCl 2 purified according to the above procedure (solid 
line) and of 1.07 x 107? M (CH3CO5)Mn(III)TPP in CoH4Cl> 
taken directly from the reagent bottle. In the non- 
purified solvent the spectrum obtained is identical to 
Eat OfLVGIMntlilj TPP. indioeating, a C17 concentration of 
greater than L072) Mel (this interesting to note that the 
manufacturers specifications list Cl7™ as not detectable 
for this particular solvent. The length of time which the 
product had been in storage before being received in this 
laboratory, however, is not known. 

Based on the visible absorption spectra of either the 
acetate or perchlorate manganese porphyrins, extraction 
with 5% aqueous NaOH, with 0.1 M AgNO3, or simply shaking 
with basic alumina have all been found to be effective at 
reducing chloride to below micromolar levels in CHCl3, 
CHoClo, and CoH4Clz. Distillation from CaHg does not 
significantly reduce the chloride concentration. Omission 
of the sulfuric acid extraction in the purification of 


Gichloroethane results in unsatisfactory voltammetric 
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residual currents, and a small voltammetric wave at ca 0.8 
volts vs SCE is observed. 

Acetonitrile (Caledon HPLC grade) was used in 
electrochemical sulermneMne & after shaking with neutral 
alumina (Woelm Super). Nitrobenzene was fractionally 
distilled from BaO at reduced pressure (100 mM Hg) and 
stored over 4 A molecular seives. Nitromethane was 
distilled at 100 mM Hg and stored over molecular seives. 
Water was triply distilled. Dimethylsulfoxide (Burdick 
and Jackson) was used as received. 

All other reagents, with the exception of 9,10- 
diphenylanthracene, which was recrystallized from 
acetonitrile, were reagent grade and used without further 
purification. All solutions for electrochemical 
experiments were outgassed by bubbling argon gas, passed 
through a drying tube packed with calcium hydride, through 


them -for «~5 min¢ 


2.2.4 Electrochemical Instrumentation 

The potentiostat used for all experiments was a Hi- 
Tek type DT-2101. This wnit incorporates its own current 
follower, and facility for positive feedback compensation 
of solution resistance between the Luggin capillary and 
the working electrode is provided. In experiments where 


this was used, the current follower output was monitored 


Die 


2 ) | | a Ke sa", : A ¥ \ 
7 . ao 
Vy 'y a 
a vy 
« =f ai 
fi oo, 


it 9 Je ove i oie e Foy f. or a he 38 a 
| Aaah | oa vowrsede at 4 
at fee Pes, Shei aR abate ott 


fexiuen, iw On Hens, 15 ate. aren tienes 


' 
7 


be : i 
et 1 cae ") yt + Lew st) SY << pier, net oh: (9 ge ‘es 
Mine A! 4 STiegan vl byes tls % 36 Gano 
2 + “3g 4, re | 
W itamnesaty :! geaviae. sel use ine A bs 


\ 


icy te (yrs low Fove: herore ~hng,/an Liss 00L 
9) sh active lyase.  pbabliemap vis Aon 
pstyAe® es tee Bee (oda 
HOt Ke, gia. hw »etasenen tease se | 
. aed be tans oes aia Aotde »erteoeiisn ft 
| ruont DW Geme biak Bed? 2 ebialion omer ,ettis 
<n WH ht PT (ines as Rog t seem SLAY vical 

aa toes Sieraaee be naga gas a ‘sabe 
ei nutsiew Apne Sedignay agus paiyab © | 
fy nie ie oat 


c a 


os i Jadned heaped Sop rnongeh secs. “RR 


€ * cinsritedae Ah ae Bie jE gaa the 20% ent. 
_, ie 
WretsuwD wi =Fi Bxtegcetesei.7ran Bear i.iSit-Ta’ a ou 


f fednoetaios (Sad hae Avis seg 407 Galt ive? bas .powol 1o¥ 


WAS ViIei lLigac nipova ag Teh bt Kernneeines nokielos 40? 
twhrrang 2s shy stieie gnisdzow ont: ; 
P Mie s0qsuy Seo Le? thea ods. ir Ow BEAR er 0% 

+) at at : - 


ro 
= 


Sy 


On an oscilloscope and the amount of feedback was 
increased until the potentiostat was driven into 
oscillation. This setting was then decreased until stable 
operation could Bane be maintained. This method of 
compensation is in common use [78] and appears to be the 
Only method which has been employed by workers in the 
field of porphyrin electrochemistry [6]. 

The applied potential waveforms for dc voltammetric 
experiments were derived from a Hi-Tek model PPR1 waveform 
generator, the output of which was taken directly to one 
of the adder inputs of the potentiostat. In ac 
voltammetric experiments, the sinusoidal output from a 
Global Associates oscillator was taken to the second adder 
input: toh cthespoctentiroes tatiweed~he toutputirof the 
potentiostat's current follower was then taken to the 
input of either a Bentham model 223 or a PAR model HR-8 
Tock=iun tamp uifiwer. 

All voltammetric traces were recorded on a Hewlett- 
Packard model 2045-A X-Y-T recorder. 

The integrator used in chronocoulometric and thin 
layer coulometric experiments was a conventional 
operational amplifier based design constructed and 


calibrated in this laboratory by Dr. B. Stanley Pons. 
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Zee. Oe LEAKS LSSHIOn Sspectroelectrochemistry 


The cell used for observation of electronic 
absorption spectra as a function of applied potential is 
illustrated in Figure 7.) Thiseconsisted of two quartz 
plates (25 x 40 mm) fused together at their longest edges 
such that the inner faces of the plates were separated by 
0.5 mm. A platinum gauze (3 mm x 40 mm) working electrode 
and two platinum wire counter electrodes, situated 
parallel to and on either side of the working electrode, 
could be slipped inside the quartz cell. Two rectangular 
Strips of filter paper were cut prior to each experiment 
and slipped into the cell along either side of the working 
electrode. This served to prevent diffusion of 
electroactive species between the counter and working 
electrodes, and to prevent them from coming into direct 
electrical contact. It will hopefully become obvious 
during the discussion on thin layer techniques that this 
particular cell design allows much improved control of the 
potential applied to the working electrode than do more 
conventional optically transparent thin layer 
electrodes. It does not; however, allow coulometric 
experiments to be performed. The cell is filled with 
solution by capillary action and the precise volume of 
solution in contact with the working electrode cannot be 


assumed to remain constant between experiments. 
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Pt wire counter electrodes 

Pt gauze working electrode 
Fused quartz plates 

Reference electrode compartment 
and Luggin capillary assembly 
Ports for sample injection and 
Luggin capillary 

Teflon solution-boat and cover 
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A Teflon vessel was constructed to contain the 
fi hing ssOlutrom and seo alow for positioning Vor. the 
electrode assembly. The quartz cell and Teflon vessel 
were assembled and Mea dildrida in the sample compartment of 
a Cary model 14 spectrometer such that the working 
electrode was directly in the path of the optical beam. 
The sample compartment was then closed and flushed with 
dry argon. The solution was degassed external to the 
spectrometer and injected into the Teflon vessel by means 
of a syringe and a length of polyethylene (1 mm o.d.) 


tubing. 


Peano Other EXperiments 


A brief introduction to the theory of electrode 
kinetics, as well as the techniques of cyclic voltammetry 
and chronocoulometry, are included in an Appendices 1-3. 
As the thin layer and ac voltammetric techniques used have 
been developed in this work, these will be discussed in 
detail in the body of the thesis. 

Elemental analysis and vapour phase osmometry were 
performed by the Microanalytical services personnel at the 
University of Alberta. Mass and IR spectra were recorded 
with AEI MS12 and Nicolet 7000 series Spectrometers, 
respectively, by the spectral services personnel at the 
University of Alberta. Routine IR spectra were recorded 


with a Perkin-Elmer 337 grating instrument. 
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CHAPTER 


VOLTAMMETRY AND COULOMETRY AT IMMERSED 


THIN LAYER ELECTRODES 


Zorn Introduction 


Before any attempt can be made to quantitatively 
analyze a voltammetric wave, or any inference concerning 
the nature of the product of a heterogeneous charge 
transfer process can be drawn, the number of electrons, n, 
associated with the underlying redox process must be 
known. A number of voltammetric criteria [78] can be 
applied to this end provided that the associated charge 
transfer process is reversible: iee€., no homogeneous 
reactions are coupled to the heterogeneous charge 
transfer, and the standard heterogeneous rate constant, 
ee is large enough that the Nernst equation can be used 
BO. Capeu Late cine concentrations of the two forms of the 
redox couple. If this is not the case, then some method 
other than the application of standard voltammetric 
criteria must be used. This is most often controlled 


potential coulometry [79]. 
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Controlled potential coulometry involves measurement 
of the charge required to completely convert an 
electroactive species to whatever product, or products, 
may be stable at sbmne particular constant applied 
potential. Application of Faraday's laws in conjunction 
with knowledge of the quantity of electroactive species 
present then allows calculation of the number of electrons 
passed per molecule of reactant. 

The procedure employed in controlled potential 
coulometry generally involves applying a constant 
potential to the working electrode and allowing current to 
flow until it has decayed to within a few percent of its 
initial value, or until no further decay of the current 
with time is observed. The total charge passed during 
this time is then assumed to correspond to that required 
for complete electrolysis. In most conventional 
coulometric cell designs, such an experiment requires 
several hours to complete, and the precision with which n- 
values may be determined is often not good. The procedure 
is especially disadvantageous when working with organic 
systems where solvents or electroactive species are 
diEficudt toy purifyeorpaxe-avai lable, inglimited 
quantity. When working at potentials near the anodic or 
cathodic limits of the solvent, or when the electrolysis 


products. ane.of,dimited stability,,<the-current,may never 
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decay to background levels. Under such circumstances it 
is extremely difficult to be objective in determining an 
electrolysis endpoint. The poor potential distribution 
across the working Svecerode surface which is encountered 
in many coulometric cell designs is particularly 
pronounced when working in nonaqueous solvents, and may 
prohibit the determination of n for a particular 
voltammetric wave when this is not well separated in 
potential from other voltammetric processes. 

In aqueous systems, thin layer electrochemistry [80] 
offers a very attractive alternative to controlled 
potential coulometry for n-value measurement. Here, a 
veny *smatl volume orl solution rs “confined to’’a “thin layer 
(2-50 um) next to the electrode surface. Complete 
electrolysis of the electroactive species can then be 
achieved in very short time periods (ca 1 sec). Diffusion 
of electroactive species within the thin layer may often 
be ignored in theoretical treatments, and the resulting 
equations are especially simple and easy to interpret. 
The peak currents in thin layer voltammetry theoretically 
occur at the formal redox potential,. and this fact, in 
conjunction with the absence of diffusion of electroactive 
material from the bulk solution, results in greater 
resolution of poorly separated waves than can be achieved 


in diffusion-controlled experiments such as cyclic 
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voltammetry. (The shape of the thin layer voltammetric 
wave will be shown to be identical to that obtained in ac 
voltammetry, the latter technique being noted for its 
ability to resolve closely spaced charge transfer 
processes [81].) The short time required for complete 
electrolysis makes thin layer techniques particularly 
powerful for the.determination of the stoichiometry of 
complex electrode reactions. 

Thin layer electrodes in general suffer from problems 
associated with uneven potential distribution across the 
electrode surface [84]. This arises from the high 
resistance presented to the flow of current through thin 
layers of solution with small cross-sectional areas. Even 
in highly conductive aqueous media, the potential 
distribution is such that agreement between theory and 
experiment is seldom excellent. As a result, examples of 
the application of thin layer techniques to the 
determination of, for instance, heterogeneous kinetic 
parameters are rare. Cells have been designed utilizing. 
conductive membranes [82] to provide a uniform current 
path between the counter and working electrodes, and these 
alleviate, to a large extent, the problem of uneven 
potential distribution. These are difficult to construct, 


however, and have not found common usage. 
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In nonaqueous solvent/electrolyte systems, solution 
resistivities as high as 3000 ohm-cm [83] may be 
encountered. The resulting potential distribution 
problems are particularly severe, and it has been 
suggested [84] that implementation of thin layer 
methodology, even in solvents of relatively high 
dielectric constant, such as acetonitrile or 
dimethylformamide, would be difficult. It is precisely in 
such poorly conducting media that the advantages of thin 
layer methodology would be most beneficial, however. 

Im thas chapter «tne vapplication -of thin. layer 
voltammetry and coulometry in non-aqueous media is 
considered. The discussion is centered around immersed 
thin layer electrodes, i.e. those in which the edges of 
the thin layer cavity are immersed in bulk solution, since 
a greater cross sectional area is available for the flow 
of current, and the resulting potential distribution is 
therefore less severe [85]. Such cell designs: always 
suffer to some extent from diffusion of electroactive 
material from the bulk solution into the thin layer 
cavity, but it will be demonstrated experimentally that 
this does not seriously affect the usefulness of the 


results. 
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322 Cinear Sweep Voltammetry at Thin Layer» Electrodes 


The theory and application of thin layer voltammetric 
methods has been reviewed in detail [80]. The most 
commonly used technique is that of linear sweep 
voltammetry. Here, a linearly increasing potential is 
applied to the working electrode and the resulting current 
is recorded as a function of the applied potential. In 
the cyclic version of this technique, the direction of the 
potential scan is reversed once some predefined switching 
potential is reached, and recording of the current is 
continued while the potential is linearly scanned back to 
its initial value. 

If the thickness of the thin layer of solution next 
to the working electrode is sufficiently small, and if the 
rate, GE/dt = v, at which the applied potential is varied 
is sufficiently slow, then all species may be considered 
to be uniformly distributed throughout the thin layer 


cavity. Given the generalized electrode reaction 


Oxi ne, 2 eRed 


and the above conditions, the current resulting as the 
potential is scanned from a value where one form of the 
redox couple predominates to a point where the other form 


is favoured is given by 
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i = nFV(d Co,/dt) (3-1) 


where V is the young of the thin layer. (The sign 
convention adopted here is that of the Stockholm 
convention [86]. Anodic currents are taken as positive 
and result from the application of increasingly positive 
potentials.) If the electrode reaction is reversible then 
the relative concentrations of oxidant and reductant are 


given by the Nernst equation, 


nS cone ERT 


which, in conjunction with the requirement of 


stoichiometry 


Cox = Cox + Crea 


leads to 


Coy = C8xl1-[l+exp (Pr(EtE?))) 74) 


(3-3) 


Differentiation of “equation 3-3 with respect to time and 


substitution into equation 3-1 gives 
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(nF) “vvc8 exp [(nF/RT) (E-E°)] 


{= ——___+_______---—.--.,- (3-4) 
RT([1 + exp[(nF/RT)(E-E®)] 


as first derived by Hubbard and Anson [87]. This equation 
describes a Gaussian shaped curve with the peak current 


eccurring at E° and 'given.by 


(nF) 2vvc0 
take Ox 
tb ‘maec4Rhagn. (6-2) 


The second order dependence of the peak current on the 
number of electrons makes equation 3-5 particularly 
attractive for n-value determination. 

A voltammetric criterion allowing for the 
determination of n without prior knowledge of Cox Or V may 
be readily derived. One-half of the peak current is given 


by 


(nF) “vvc 
i /2.= Ox 
p SRT 


Substitution of this current into equation 3-4 and solving 


for (E-E°) leads to the quadratic expression 


where 
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a =<exp [(nF)/RT).CE-E °%)J 


Ate25 °Curthis «gives 


E-E° = mV (3=6)) 


The width of the peak at half-height is therefore given by 


90 
AE sh = ea mV (3-7) 


This result has apparently not appeared in the literature, 
but should provide a rapid and convenient means for 
estimating n. (The same expression for the width at half- 
height and the same second order dependence of the peak 
height on n apply to the reversible ac voltammetric wave 
ee) 

More rigorous derivations of the linear sweep thin 
layer voltammetric response, taking into account the 
diffusion of electroactive species within the thin layer 
cavity, have appeared [87]. The resulting equations are 
cumbersome and have not found common use. Provided the 
thin ybayerithickness.is_of the order of .10.um_or less, ,the 
results of this treatment do not differ significantly from 


the predictions of equation 3-4 when the potential sweep 
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rate is 10 mV/s or less. The effects of solution 
resistance, and the resulting uneven potential 
distribution, on the linear sweep voltammetric response 
have not previously been considered in any type of 
quantitative manner. Experimentally, however, some degree 
of asymmetry in the peaks is always observed, and anodic 
peak potentials are displaced to anodic values while the 


reverse is observed for cathodic peaks. 


3.0 Bfpects- of Solution Resistance on the Thin Layer 
Voltammetric Response 


The model used here to describe the potential 
adustribugion In thin layer celis was first used by 
Goldberg et al. to describe resistive effects in combined 
esr-electrochemical cells [89], and in thin layer cells 
[84], during current and potential step experiments. It 
has not, however, been used to describe resistive effects 
during potential sweep experiments, or to predict the 
extent to which cell geometry might determine the 
magnitude of such effects. 

Two types of cell geometry will be considered here. 
The first, Figure: 8, consists of a square or rectangular 
metallic electrode surface placed ina plane parallel to 
an insulating surface. The two surfaces are separated by 


a distance 1, equal to the thickness of the thin layer 
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Figure 8. Geometry of rectangular thin layer electrode. 
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cavity. Three of the edges of the electrode are 
considered insulating, and the fourth edge is equidistant 
from a secondary electrode placed within the cavity such 
that uniform pata Wed current flow between the secondary 
electrode and the exposed edge of the working electrode 
may be assumed. The working electrode potential is sensed 
via a Luggin capillary placed between the secondary and 
working electrodes. This geometry corresponds to that 
found in optically transparent thin layer electrodes 
(OTTLE's), where the working electrode, generally a 
platinum or gold mini-grid, Pigureysy9, is transparent to 
the passage of light. 

The second geometry, Figure 10, corresponds to the 
type of immersed thin layer electrode first used by 
Oglesby et al. [85]. The working electrode surface is a 
planar disc, and™Sapradially uniform current path is 
provided between the edges of the disc and a secondary 
electrode arranged concentric to the disc. 

The model used to discuss the potential distribution 
across the working electrode considers that the thin layer 
cavity next to the working electrode: may be divided into a 
number of volume increments, each successive increment 
being displaced a distance dx from the capillary tip. As 
the volume increments lie at successively greater 


distances from the Luggin, successively greater solution 
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Figure 9. Optically transparent thin layer electrode. 
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Figure 10. Concentric radial thin layer electrode 
geometry » 
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resistances are presented to the current flowing into each 
increment. In the OTTLE geometry, the volume of each 
increment is constant, and given by wldx, where w is the 
length of the exposed edge of the working electrode. The 
individual resistances separating the volume increments 


are also constant, and may be calculated from 


R; = p dx/lw (3-8) 


where p is the specific resistivity of the 
solvent/electrolyte system. The uncompensated resistance, 
R, = Ry, between the Luggin tip and the first volume 
increment is given by equation 3-8 where dx is now the 
distance between the Luggin and the edge of the working 
electrode. 

In the concentric radial geometry, the volume of each 
increment is that contained between two concentric 


cy linders#*o£; radia »rrand irrdr,: and may be.calcullated from 


Vi = ni l(2rj,dar > dr?) | (3-9) 


where r; is the outer radius of Vj- As the radii of the 
volume increments decreases, so does the cross-sectional 
area available for the flow of current. The resistance 


increments between successive volumes therefore must 
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increase as the radii of the volume increments decrease. 
The resistances can be calculated with reference to Figure 
ll. If the difference dr between the radii, eA seal fener 
of two cylinders is infinitesimal, then the resistance to 


current flow between the two cylinders is given by 


R = pdr/2trl 


If dr is no longer required to be infinitesimal, then the 


resistance between the two cylinders will be given by 


Ti-l 
x pdr 
Pteae J 27r1 
ae 
il! 
OG 
Ri ="¢p 72m ba dntr: 1 fre) (S=si0)} 


The effective potential at each of the volume 
elements may be calculated once the volumes of the 
individual elements and the resistances between them are 
known. With reference to Figure 12, depicting the case 
for the radial concentric cell geometry, suppose that the 
total current flowing into the thin layer Cay Uuyaets le, 
If the applied potential, i.e. that appearing at the 
Luggin tip, is E then the potential appearing at the 


app’ 


first volume increment is given by 
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Figure 11. Solution resistance in concentric radial 
thin layer electrodes. 
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The current, ij, flowing into the first volume element may 
now be calculated from equation 3-4 by setting V = Vy and 
E = E> Now, if n volume elements are assumed, the 


current flowing through Ro is given by 


and the potential appearing at the second volume increment 


is 


With knowledge of Ey and V2, the current ig is obtained, 
and'so on®untyvl" all Sof ®theMandrvidual” potentials@and 


Currents have been obtained. Noting that 
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may be applied generally to determine the potential 
dtetribution. in ‘thin Layer cells. 

An iterative procedure based on equation 3-13 has 
been developed here to allow numerical calculation of thin 
layer voltammograms. Equation 3-4 is used to provide an 
initial estimate, i,, of the total current flowing to the 
thin layer electrode. Equation 3-13 is then used as 
described above to calculate the potentials and currents 
associated with the individual volume elements. If the 
initial estimate agrees within 0.1% of the sum of the 
individual currents, it Ps vassumed,to be correct. If it 


does not, a new estimate is calculated according to 


where C is a small value of appropriate sign calculated 
within the program on the basis of the difference between 
the initial estimate and the sum of the individual 
currents. The procedure is then repeated until the 
desired degree of convergence is obtained. 

The iteration was programmed in Fortran and tested on 
the Amdahl V-107 computer at the University of Alberta. 
The program was then translated into Pascal and run on a 


Three Rivers mini-computer. This computer had been 
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interfaced to a Bascomb-Turner digital X-Y recorder so 
that the resulting curves could be plotted directly. A 
Fortran version of the program used is included in 
appendix 4. In general, twenty volume increments were 
assumed for the calculations. In no case, however, was a 
Significant difference in the results observed upon 
decreasing the number of elements to 10. 

The program has been used to predict the effects of 
various parameters on the resistance induced asymmetry of 
the thin layer voltammetric waves. The results are 
presented in Figures 13 to 17. All of the curves are 
anodic, and the potential is scanned from left to right. 
The potential scan rate assumed in all cases is 5 mV/s, 
the thickness of the thin layer is 10 um, and the 
concentration of electroactive species is 1 mM. Other 
parameters are listed in the figures as follows: dref is 
the distance between the Luggin tip and the edge of the 
working electrode, p is the solution resistivity, r is the 
radius of the working electrode in the concentric radial 
configuration, and w and h are the width and length of the 
working electrode in the OTTLE configuration, w being 
considered parallel to the secondary electrode. In all of 
the figures the central curve, marked a, is that 
calculated directly from equation 3-4 assuming zero 
solution resistance. For purposes of comparison and 


Clarity, all other curves are normalized to this one. 
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Figure 13. Effect of increasing vertical dimension of 
the working electrode in the OTTLE configuration: 
pP = 250. 2-cm; dref = .1 cm;.w =_.354 cm; 
(a) theoretical response with p = 0 
(b)i hh selea74 CT 
(on) hh 0354 cm 
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Figure 14, Comparison of resistive effects on 
Calculated voltammograms at OTTLE (c) and radial (b) 
thin layer electrodes of equal area: p = 250 2 cm; 
drefit=] 22 cm; 
(a) theoretical response with p = 0 
CD) ear =e cm 
(co) the =ew =) 9.354 cm 
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Figure 15. Effect of solution resistance on calculated 
voltammograms at radial thin layer electrode: r = .4 cm; 
Gref -=,.l«cm 


(a) theoretical response with pe = 0 
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voltammograms at radial thin layer electrode: 
p= 250° °2-em;)'drefo= v1 cm. 
(a) theoretical response with p = 0 
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Figure 17. Effect of displacing Luggin capillary on 
calculated thin layer voltammograms at radial thin 


layer electrode: p = 250 fN-cm; r = .2 CM. 
(a) theoretical response with o = 0 
CD) <@rer =" 47. om 
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Figure 13 illustrates some results calculated for the 
OTTLE configuration. The solution resistance used here, op 
= 250 ohm-cm, corresponds roughly to that expected [83] 
for the commonly used solvent/electrolyte system CH3CN/0.1 
M TBAP. The resistive potential drops in this case occur 
along the dimension h, and this parameter therefore 
determines the degree to which the curves are affected by 
Gamuic polarization. the dimension h in Figure Ise is 
0.354 cm, and is much less than that used in most 
conventional OTTLE designs. The effect of the solution 
resistance can be reduced dramatically by decreasing h, as 
in Figure 13b, where this dimension has been halved. The 
same effect can be achieved by using two counter 
electrodes placed parallel to and at equal distances from 
opposite edges of the working electrode. These 
considerations led to the design of the 
spectroelectrochemical cell discussed in Chapter 2. A 
similar design has been employed by Goldberg et al. [90] 
in combined esr-electrochemical experiments. 

Figure 14 compares the results of the calculation for 
the OTTLE configuration with those obtained for a radial 
concentric geometry where the area of the two working 
electrodes, and all other parameters, are identical. This 
figure clearly illustrates the superiority of the radial 


Conriguracion. * in, comparing Pigures 13b .and) 14b, it is 
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evident that the radial configuration should provide 
better results than an OTTLE cell of half the working 
electrode area. Geometry is clearly an extremely 
important factor in thin layer electrochemical cell 
design. 

Figures 15 and 16 illustrate the effects of varying 
the solution resistivity and the electrode radius, 
respectively, for the radial configuration. In comparing 
the two figures it’ 18 evident that, at least for radii in 
the 2 to 4 mm range and solution resistivities in the 300 
ohm-cm vicinity, decreasing the electrode radius by 1 mm 
has very nearly the same effect as decreasing the solution 
resistivity by 100 ohm-cm. Thus, when forced to work in 
highly resistive media, smaller electrodes should give 
better results. It should be noted, however, that 
diffusion of electroactive material into the thin layer 
cavity, which has been ignored in these calculations, will 
become more important as the electrode radius is 
decreased. There will therefore be a limit, dictated 
largely by the ratio of the electrode area to the 
thickness of the thin layer cavity, to how small a 
practical electrode may be made. 

Figure 17 illustrates the effects of displacing the 
Luggin tip to greater distances from the edge of the 


working electrode. The magnitude of the uncompensated 
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resistance, R,, apparently has little effect on the 
magnitude of the peak currents, but does introduce 
substantial asymmetry into the voltammetric waves. 
Placement of the Luggin capillary is an important 
consideration in the design of any electrochemical cell. 

The program predicts that the thickness of the thin 
layer cavity has no effect on the normalized current- 
voltage curves. This result is readily predictable. 

While the individual resistance increments decrease in 
direct proportion to an increase in the thin layer 
thickness, the individual volumes, and hence the currents, 
increase. The individual iR potential drops across the 
working electrode therefore remain constant, and the 
potential distribution is unaffected. 

The effect of other factors which affect the 
magnitude of the current, but not the resistance 
increments, can be readily predicted. Hence, an increase 
in either the sweep rate, v, or the concentration of 
electroactive species will result in an increase in 
Current, and a corresponding deterioration in the quality 


of the voltammograms will be observed. 
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3.4 Experimental 


A thin layer cell was constructed using the radial 
concentric configuration, and its performance evaluated in 
a variety of solvent-electrolyte systems. Two electrodes 
were tested. The first consisted of a planar glassy 
carbon disc, ca 3 mm in diameter, sealed with epoxy into a 
glass tube. The second consisted of a 1.5 mm diameter Pt 
wire press fitted into the end of a Teflon tube such that 
the tip of the wire was flush with the lower surface of 
the tube. The wire was offset in the tube, allowing for 
closer proximity of the Luggin tip and the edge of the 
working electrode. The experimental arrangement, 
including a detail of the offset platinum button 
electrode, is illustrated in Figure 18. The secondary 
electrode used was a platinum wire formed into a circle 
concentric with the working electrode circumference. 

Both electrodes were machined flush to the lower 
surface of the Teflon mounting block by inserting the 
electrode into the block, tightening the securing screw, 
and working the lower surface of the assembly across a 
piece of 600 wet and dry sandpaper placed on top of a 
piece of heavy plate glass. This was followed by 
polishing with 0.05 pm alumina on a soft polishing felt, 
mounted on plate glass, until the working electrode 


exhibited a mirror-like finish. 
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Figure, 18. Details of thin layer electrode assembly. 
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The Teflon mount and electrode assembly was 
positioned above the surface of a microscope slide by 
means of two glass spacers cut from a second glass 
slide. The Spacers and slide were fixed to the bottom of 
the Teflon mount with the aid of two laboratory pinch 
clamps. A piece of glassine powder paper (Eli Lilly) was 
then placed between the surface of the microscope slide 
and the working electrode, and the electrode was then 
pushed, as firmly as possible without breaking the glass, 
onto it. After tightening the securing screw, the powder 
paper, could be, pulled: out of. the thin, layer, cavity; 
providing adequate polishing of the working electrode 
surface had been accomplished. The entire assembly was 
then lowered into a beaker containing the solution of 
anterestes ln order, tomexclude. contamination, by O5 or H»0, 
experiments were carried out in a polyethylene glove bag 
flushed with dry argon. A glass cover was placed over the 
beaker in order to help prevent solution losses from 
evaporation. 

The thickness of the thin layer cavity was found to 
vary between 5 and 15 um, as calculated on the basis of 
the charge required to completely electrolyze a known 
quantity of material within the cavity. Once a suitable 
thin layer thickness was attained (<10 um to minimize 


diffusion into the cavity), the assembly could be used 
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repetitively provided repositioning of the working 
electrode had not occurred. Rinsing of the electrode 
cavity was achieved by directing a rapid stream of fresh 
solution at the edge of the working electrode from the tip 
of a disposable pipet inserted into the Luggin locator 
notch. Ten such rinSings were always found to produce 
reproducible results. 

The Hi-Tek potentiostat was found to be particularly 
unstable when used with this cell assembly, and frequently 
drifted into oscillation during the course of an 
experiment. This problem was rectified by the inclusion 
of a 100 pF capacitor, shunting the reference and 
secondary electrodes, in the experimental hook-up. The 
use of such stabilizing capacitors is common [83]. 

Because the level of the currents measured was 
exceptionally small, a Bentham model 210E current 
follower, capable of measuring currents in the pA to WA 
range, was used instead of the current follower 
incorporated into the potentiostat. In coulometric 
experiments, a conventional operational amplifier based 
integrator, constructed in this laboratory, was used to 
monitor the charge passed. Positive feedback compensation 
of iR, was not employed in any of)-the thinclaver 


experiments. 
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3,0, Results and Discussion 


Figure 19a presents a cyclic voltammogram obtained in 
1 M aqueous KCl containing 1 mM KaPe(CN)¢ atcthemolassy 
carbon thin layer electrode. The Fe(CN)¢~3/Fe(CN)¢~4 
redox couple is known to be a reversible one-electron 
system (Chapter 4). The small difference in the anodic 
and cathodic peak potentials, AED = 30 mV, corresponds to 
near ideal thin layer behaviour, and the width of the 
forward peak at half-height is 105 mV, in good agreement 
with the 90 mV prediction of equation 3-7 for a reversible 
one-electron process. The formal potential of the redox 
couple was estimated as the average of the forward and 
reverse peak potentials, and is identical to the value of 
0.219 volts vs SCE obtained for the half-wave potential by 
conventional cyclic voltammetry under the same conditions. 

Figure 19b illustrates the charge passed as a 
function of potential as recorded during the anodic sweep 
of Figure 19a. Potential scanning coulometry at thin 
layer electrodes has been used previously [91], but the 
method of defining the endpoint was not discussed. In 
general, three essentially linear regions are observed in 
the coulometric wave. The slowly rising region at the 
foot of the wave is due to integration of the residual 
charging current, while that at potentials well past the 


formal potential of the redox couple represents, to a 
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Figure 19. (a) Cyclic voltammogram of 1 m™ K) Fe(CN) ¢ 
at glassy carbon thin layer electrode in 1M aq. KCl, 


v= 5 mV/s. (b) Charge vs potential recorded during 
forward sweep of voltammogram in (a). 
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large extent, the diffusion of electroactive species into 
the thin layer cavity from the bulk solution. The rapidly 
rising portion in between the two extremes is due to the 
electrolysis of the electroactive species trapped within 
the thin layer next to the working electrode. The charge 
corresponding to complete electrolysis of the analyte has 
been taken as that lying between the points A and B in 
Figure 19b as obtained by the indicated linear 
extrapolations. Figure 20 illustrates a plot of charge vs 
concentration for the oxidation of ferrocyanide ion in 1 M 
aqueous KCl as obtained by this method. Although the data 
is admittedly somewhat limited, the linearity of the plot 
and the zero intercept suggest the validity of the method 
used. The four points all lie within 3% of the indicated 
line. This precision is in excess of that usually 
required for n-value determinations. 

While the glassy carbon electrode is apparently 
adequate for use in aqueous systems, its performance in 
nonaqueous systems was not deemed satisfactory. For the 
oxidation©“of z2nGL1)TPP in dichloroethane” solutions, the 
forward and reverse peaks were separated in excess of 250 
mV even when very low sweep rates were used, and 
resolution between successive electron transfer steps was 
not as complete as had been hoped. For these reasons, the 


platinum thin layer electrode, as already described, was 
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Figure 20. Charge vs concentration for 1 M aq. KCl 


solutions of K) Fe(CN) ¢ as determined by potential 
scanning coulometry at the glassy carbon thin layer 


electrode. Sweep rate employed was 5 mV/s. 
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constructed on the basis of predictions that the smaller 
electrode radius would improve the performance of the thin 
layer cell. 

Figure 21 illustrates thin layer cyclic voltammograms 
at the platinum electrode obtained for 1 mM ferrocene in 
CH3CN/0.1 M TBAP at potential sweep rates of 10, 100, and 
200 mV/s. At potential sweep rates of 10 mV/s or less, 
the forward and reverse peaks are separated by less than 
50 mV. At a sweep rate of 100 mV/s, the peaks are 
separated by 120 mV, while at 200 mV/s, a 210 mV peak 
separation is observed. These latter sweep rates are far 
in excess of those commonly used. The ability to vary the 
Sweep rate is an important consideration in work where 
qualitative mechanistic diagnosis of electrode reactions 
is sought, and is responsible to a large extent for the 
popularity of conventional cyclic voltammetry. .In at 
least some cases, thin layer techniques should be even 
more powerful in this regard. Some indication of this has 
appeared in the literature [92-94], and should be apparent 
in subsequent chapters of this thesis. 

It will be noticed, with reference to Figure 21, that 
the voltammograms obtained at higher sweep rates, although 
exhibiting a greater degree of asymmetry, are in fact 
better defined against the background. This is due to the 


fact that currents associated with diffusion from the 
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Figure 21. Cyclic voltammograms of 1 mM ferrocene at 
Pt thin layer electrode in CHCN(.1 M TBAP). 


95 


¢. Anay: 


5 * 


2 AAT ae 


“tf 
ee ee at om age ae are ee emt ca 
A. 


Boe: ay HN «- 


{% omeSorie> tn F- te silidccainana Lov sioya bGS omnlt 
| «(TARP WP ed at Sbertroels Pada fay F4 


bog ih ‘i? 


Fi ; tes ee ree 


solution bulk are independent of potential scan rate, 
while the peak currents increase with scan rate, as 
indicated by equation 3-4. The greater influence of bulk 
diffusion at electrodes of smaller radius, as earlier 
predicted, is manifested in the increased current observed 
at potentials past the forward peak in the lower sweep 
rate voltammograms. 

Figure 22 illustrates the thin layer cyclic 
voltammetric behaviour of Zn(II)TPP in CjHygC1lo/0.2 M TBAP 
at anodic potentials. The two successive anodic waves 
correspond to formation of the cation radical and 
dication, respectively, while the cathodic waves are due 
to reduction of these species. At low sweep rates near 
ideal behaviour is observed for this system. At 3 mV/s 
forward and reverse peaks for the individual redox 
processes are separated by 30 mV and the peak widths at 
half-height are 110 mV. Even at sweep rates as high as 
100 mV/s successive redox processes are completely 
resolved. 

Figure 23 presents charge versus potential plots 
recorded during anodic sweeps for this system. The 
coulometric waves were recorded at various sweep rates and 
have been successively displaced by 200 mV in the figure 
for purposes Of clamizy. It is'‘evident that’ the waves 


become much better defined as the sweep rate is increased, 
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Figure 22. Cyclic voltammograms of 1 mM Zn(II)TPP at 
Pt electrode in CoH) C1l,(.2 M TBAP). Upper curve, 
v = 100 mV/s; lower curve, v= 5mV/s. 
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Figure 23. Potential scanning coulometry for 1 m™ 


Zn(II)TPP at Pt thin layer electrode in CoH) C1,(.2 M TBAP) 
as recorded at various sweep rates. 
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and the electrolysis endpoints are therefore more easily 
determined. 

Figure 24 illustrates the apparent charge required 
for complete sree ores in the first anodic wave plotted 
as a function of potential sweep rate. The endpoints were 
determined by the method previously outlined in Figure 
19b. At lower sweep rates there is a trend to higher 
values. This can be ascribed to the longer time period 
available for diffusion of reactant into the thin layer 
cavity during the course of the experiment. At sweep 
rates greater than 20 mV/s, a constant value is obtained, 
and higher sweep rates are therefore recommended for 
coulometric work. 

Figure 25 illustrates the thin layer cyclic 
voltammetric behaviour observed at the platinum electrode 
for the oxidation of tetra(n-butyl)ammonium iodide in 
CH3CN/0.1 M TBAP. The successive anodic waves correspond 
to the oxidation of Te Janda hele respectively, while the 
cathodic waves represent the reduction of I and 13 . The 
pertinent equilibria, as indicated by Popov and Geske 


(95), are 
Bie = "2e, 2 15 (3-14) 
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Figure 24. Apparent charge required for complete 
1-electron oxidation of 1 mM Zn(II)TPP in 

CoH) C1l5(.2 M TBAP) as determined by potential scanning 
coulometry at Pt thin layer electrode at various 

sweep rates. 
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Figure 25, Cyclic voltammogram of 2 mM I in 
CHACN(.1 TBAP) at Pt thin layer electrode. 
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Figure 26 is a plot of the charge required for 
complete conversion of the I within the cavity to ate as 
determined by the methods described here. Again, the 
linearity of the plot and the zero intercept serve to 
demonstrate the validity of the method. The precision 
indicated by this experiment is +5% absolute deviation. 

The ratio of the charge associated with the second 
oxidation in Figure 25 to that for the first was 
determined as 0.50 when the sweep rate was 25 mV/s, and 
0.46 when the sweep rate was 100 mV/s. The former value 
is in better agreement with the ration of 1/2 expected 
from the stoichiomerry “of reactions 3-14 and: 3-15. The 
lower value obtained at higher sweep rates is not 
understood. The ratio of the charge associated with the 
second oxidation of Zn(II)TPP to that of the first was 
observed to be independent of sweep rate. It must 
therefore be assumed that the sweep rate dependence 
observed here is due to some unknown factor in the anodic 
chemistryGof Te; rather than a problem with the’ method 


employed. 
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Figure 26. Charge vs concentration for first oxidation 
of I7 in CH.CN(.1 M TBAP) as determined by potential 
scanning coulometry at Pt thin layer electrode. 
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3.6 Chronocoulometry at Immersed Thin Layer Electrodes 


In conventional voltammetric cells, when the 
electrode potential is suddenly pulsed to a value where a 
Faradaic electron transfer process occurs at a diffusion 
controlled rate, the charge vs time behaviour [96], at 
later times, is given by 

oie anrap?/2c*¢ 1/2 A085 ae 
; a i ack a ae DE 
where 0) is the total charge passed, D is the diffusion 
coefficient of the electroactive species and C* is its 
bulk concentration. Qp;, is the charge associated with 
charging of the double layer and A is the electrode area. 

If the same experiment is carried out at an immersed 
thin layer electrode, the charge recorded at times after 
that corresponding to complete electrolysis of the species 
within-the thin layer cavity will be dictated solely by 
diffusion into the cavity. By analogy to equation 3-16, 
the charge-time transient obtained at later times should 


follow an equation of the form 
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where A' is the exposed surface area of the cylinder 
contained between the working electrode surface and the 
Glass ‘insulator,’ and 0” is a constant dictated by the 
length of time Pequired for complete electrolysis of the 
Species within the) thin Jayer cavity. A plot of © vs ti/2 
should therefore exhibit a linear region at later times. 
The line should be displaced along the O axis by some 
amount allowing the determination of n and A', and its 
Slope should then allow the determination of D. The 
parameters n and D should therefore be available from a 
Single experiment. In most other voltammetric techniques, 
cyclic voltammetry and chronoamperometry, for instance, 
only the product npl/2, or n3/2p!/2 is available. 

Figure 27 presents a O vs ri/2 plot; obtained, for: the 
one-electron oxidation of (CLO, Mn( Lil) TPP ini CoHy7Clo/. 20M 
TBAP at the platinum thin layer electrode. The background 
charge was obtained in a separate experiment in the 
absence of electroactive species and was subtracted from 
the data. The predicted linear behaviour is indeed 
observed at later times. The charge indicated at-point A 
in the figure is 4% less than that indicated by potential 
scanning coulometry as corresponding to complete 
electrolysis of the species within the thin layer 
cavity. Experimental evaluation of the applicability of 


the proposed method to the simultaneous determination of 
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Figure 27. Charge vs +2 for 1-electron oxidation of 


(C10,,)Mn(III)TPP in CoH) Clp( 2 M TBAP)) at Pt thin 
layer electrode under potential step conditions. 
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n-values and diffusion coefficients has been reserved for 


a later project. 
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CHAPTER 4 
ALTERNATING CURRENT METHODS 


SeketlneEcoduct ion 


As noted in Chapter 1, there has been considerable 
interest in the determination of heterogeneous rate 
constants for metalloporphyrins in hopes that such data 
might profit our understanding of the electron transfer 
process in metalloporphyrin containing enzymes. A number 
OG factors [li}, such asimetal position in the porphyrin 
plane, changes in spin state accompanying metal oxidation 
or reduction, and solvation effects, have been suggested 
to play important roles in determining the rate at which a 
particular porphyrin undergoes electron transfer. 
Attempts at correlating metalloporphyrin heterogeneous 
electron transfer rate constants with such factors have 
not been very successful to date, however. It is evident 
that much more data is required before an overall picture 
of the important factors governing metalloporphyrin 
electron transfer mechanisms can be developed. 

Cyclic voltammetry appears to be the only method 


which has been applied to the determination of 
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heterogeneous electron transfer rate parameters in 
metalloporphyrins. Although this technique is extremely 
powerful for qualitative diagnosis of electrode reactions, 
especially when theese are coupled to homogeneous 
reactions, it is generally not noted by electrochemists to 
be particularly accurate or precise when applied to the 
determination of heterogeneous rate parameters [78], 
especially when the associated rate constant is large. 

When the difference in the peak potentials obtained 
on the forward and reverse peaks is greater than the 
theoretical value of 59/n mV predicted for a reversible 
electron transfer, the value obtained can be compared with 
numerically computed working curves (See appendix 3) which 
provide for determination of the standard heterogeneous 
rate constant k,. The value of the peak separation, AEy, 
increases with the potential scan rate, v. For maximum 
reliability in the results, v should be chosen so that AE, 
Lseinsthesvicinity lof L00cmVveLliilix 

The problems associated with this method are several 
[98]. Firstly, the peaks obtained are not sharp,.and 
precise determination of their position is difficult. 
Secondly, they are distorted from their theoretical shape 
by the presence of the background current due to charging 
of the double layer capacitance. This is particularly 


important when higher sweep rates must be used, since the 
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faradaic peak currents increase as yi/2, while the 
background current increases, in the absence of 
uncompensated resistance, ‘as® vei) Thirdly;* but probably 
most importantly, the applied potential will differ from 
the true potential across the solution-electrode 
interphase by an amount iR,, where i is the current, and 
bm, ise theY uncompensated resistance between the edge of the 
working electrode and the tip of the Luggin capillary. 
Uncompensated resistance is particularly serious when 
high currents resulting from, for instance, the use of 
rapid scan rates, are encountered, or when work is carried 
out in highly resistive media, as is generally the case 
for metalloporphyrin studies. As pointed out in Chapter 
2, most porphyrin chemists have employed electronic 
positive feedback compensation to minimize the problem. 
The method used to adjust the amount of feedback, i.e. 
adjustment to the limit of potentiostat stability, is less 
than satisfactory for precise, accurate work, however. 
The degree of compensation attained by this method will in 
fact be dependent on the electronic transfer functions of 
both the potentiostat and the electrochemical cell [97]. 
Inithis#laboratory, it has been found that the method, as 
employed with the extremely high gain Hi-Tek potentiostat, 
may leave as much as 100 ohms of uncompensated resistance 


remaining. Bewick has noted [98] that, in some cases, it 
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is possible to overcompensate by this method. The 
procedure recommended by Britz [97] for handling 
resistance problems is to use whatever means available to 
minimize the WneenBenes eee resistance, to measure that 
remaining, and to correct mathematically the results for 
its presence. That philosophy has been adopted for most 
of the work here. 

Because of the problems inherent in the application 
of cyclic voltammetry to the determination of 
heterogeneous electron transfer parameters, the 
development and applicability of other methodology 
appropriate to porphyrin electrochemistry has been 
considered here. In particular, the application of 
alternating current methods has been dealt with. 

Alternating current techniques [81,88] have long been 
recognized as methods of choice for the quantitative 
characterization of electrode processes. More recently, 
with the advent of linear sweep cyclic ac voltammetry 
[99,100], it has been shown that ac methods can retain at 
least as much, and often more, qualitative diagnostic 
information as the more popular technique of cyclic 


voltammetry. 
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A»i2 Background to AC Voltammetry 


In the ac voltammetric experiment, a linear potential 
sweep is applied to the working electrode. In cyclic 
versions, the direction of the sweep is reversed at some 
predetermined switching potential, as in conventional 
cyclic voltammetry. Superimposed on this slowly varying 
dc potential program is a small amplitude sinusoidal 
potential perturbation. The resulting current contains 
both a dc component, which is identical to that obtained 
in conventional voltammetry, and an ac component, 
associated with the sinusoidal potential perturbation. 
Appropriate instrumentation is then used to extract only 
the alternating contribution to the overall current 
response. Where tuned amplification is employed, the 
magnitude of the alternating current response of the same 
frequency as the applied potential modulation is plotted 
as a function of the applied dc potential. Where phase 
sensitive detection is used, the magnitude of the ac 
response of the same frequency as, and exhibiting some 
preselected phase shift with respect to, the Retenened 
modulation is determined. 

The derivation of the current response to such an 
applied potential program is not trivial, and will not be 
attempted here. Particularly informative accounts of the 


details have been given by Smith [88], Sluyters and 
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Sluyters-Rehbach [101], and by Macdonald and McKubre 
[102]. It is constructive, however, to consider some of 
the assumptions involved. 

It is generally assumed that the mean concentrations 
of the electroactive species at some distance out in the 
solution are fixed by the de potential program. The ac 
potential program then results in small fluctuations of 
the concentrations next to the electrode surface about the 
mean. Physically, the assumption implies that the 
diffusion layer thickness associated with dc events is 
much greater than that associated with the ac process. 
Experimentally, the requirement is that the dc potential 
scan rate is much less than the product of the frequency 
and amplitude of the ac potential perturbation. Bond et 
al. have suggested [103], on the basis of extensive 
numerical calculations, that provided fAE > 1.6 v, where f 
is the ac frequency, AE is the potential modulation 
amplitude, and v is the dc potential scan rate, then the 
assumption introduces no significant discrepancy between 
theory and experiment. 

The second major assumption involves the magnitude of 
the applied sinusoidal potential. The derivation of 
practical expressions for the ac voltammetric response 
requires that a linear relationship exist between the 


faradaic current and the applied potential. The equations 
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of electrode kinetics, however, predict that the current 
is exponentially dependent on the potential (Appendix 
1). In order that these exponential functions may be 
approximated as ithe relations, the magnitude of the 
applied potential perturbation must be very small. Smith 
[88] has suggested that the assumption of small amplitude 
perturbation is accurate for applied sinusoidal potentials 
of up to 8 mV peak to peak, and for many systems does not 
introduce significant discrepancy between theory and 
experiment for modulation amplitudes of up to 20 mV. It 
should be noted that the non-linear relationships between 
the faradaic current and applied potential give rise to 
the presence of second and higher harmonic components in 
the ac response, and these, as well as the fundamental 
harmonic component of the current, can provide information 
about the electrode processes. 

The fundamental harmonic ac voltammetric response may 


be represented [88] as the product of several functions by 


E( Ht =" leave CE Gkojsinl Otyr sg) (4-1) 
The function Iyey represents the amplitude of the faradaic 
alternating current for the completely reversible 


electrode process, 
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Ox + ne .2 Red (4-2) 


and is given by 


2a2 


1/2 
nF ACA (wD,, ) [2 vp 


I Sees ne naan US LO (4-3) 
oe 4RT cosh“ (4/2) 
Here, A is the electrode area, Cax is the bulk 
concentration of Ox, w is the frequency of the applied 
modulation (in rad/s), AE is the amplitude of the 
potential perturbation, D5, is the diffusion coefficient 


Gb-Ox, and 3 VS) given by 
Joe ECR a EY /2)/RT (4-4) 


where Ego is the potential associated with the linear 
Sweep potential program, and EY /2 is the reversible 
voltammetric half-wave potential. This differs from E°, 


the standard potential of the redox couple, according to 
ig aS RT LZ 
Be jh Eine Leper) (Pony DR) aa (4-5) 
Here, fp and fp, are the activity coefficients of Red and 


Ox, respectively, and Do, and Dp are the appropriate 


Giffustonfcoet ficients. 
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The function, I,.,, describes a bell shaped peak 
symmetrical about ET /2- The bell shape arises from the 
inverse cosh? dependence of the current amplitude on 


potentudads:) J describes the response obtained for a 


rev 
perfectly reversible system. The peak width at half- 
height is given, in this case, by 90/n mV. 


The function F(t) represents a correction to the 


amplitude of the reversible alternating current arising 


from irreversibility of the dc electrode processes, and 
given by 
Pty) = a(texn(anuiecmeueyD. J? -gexpiaic.)/c* cae 
Ox ROS OX R Ox 


Ber en Cow, and, Couare the surface concentrations of the 
electroactive species, a is the charge transfer 
coefficient, and 8B = l-a. Where the surface 
concentrations can be predicted by the Nernst equation, 


F(t) does not differ from unity. For the simple quasi- 


reversible electrode reaction, F(t) = 1 can be achieved’ 


selecting the dc potential scan rate slow enough. 
Devrations of §£ CL) from unity) result. in acseparatuon jof 
the forward and reverse peaks during cyclic ac 
voltammetric experiments. 

The function, Glow), represents a «correction to the 
current amplitude arising from irreversibility of the 


electrode process in the ac time scale, and is given by 
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G(w) = {2/t1 + (1 + (F8)177)%) 4472 (4-7) 
The parameter A is given by 
h = ko (exp(-aj) + exp(B3))/D1/4 (4-8) 


where k, is the standard heterogeneous rate constant, and 


a 
Ox R foe 


This function is much more sensitive to slow charge 
transfer kinetics than the corresponding dc function F(t), 
and for most electrode processes will equal unity only at 
very small wo. 

The phase angle, $¢, between the fundamental harmonic 
current and the applied potential, is given by 


eee) 


COG Go: = ls sao) 


(4-10) 


If measurements of the phase angle ‘are made at Eq = EV sa: 
then j = 0, and A = ZN, Di The phase angle is then 


given by 


cot ¢ = 1 + (D/2)1/2u1/2/K_ Cee 
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Equation 4-11 frequently provides the basis for 
determination of kz, when ac techniques are employed. Note 
that in the limits kg tao, Ormuw + Oi, 1,6. when the wate of 
electron transfer is controlled solely by bulk diffusion, 
eo ¢ 1s; unity Cicve. ¢= 45°). 

AC techniques suffer, as do all techniques where 
current is measured, from the presence of uncompensated 
solution resistance and double-layer capacitance. Just as 
they are more sensitive to heterogeneous rate parameters, 
they are also more sensitive to the presence of extraneous 
background currents. 

The extraction of the faradaic component of the total 
alternating current during an ac voltammetric experiment 
generally relies on the assumption that the electrode- 
solution interphase may be represented by an equivalent 
electronic circuit. Where the faradaic process is a 
simple charge transfer uncomplicated by coupled 
homogeneous reactions or physical processes such as 
adsorption of electroactive species accompanying the 
electron transfer step, the Randles equivalent circuit 
PlO4 i Figures26, sis assumed. Here the -votal current, lps 
is the sum of the faradaic current, I¢, and the capacitive 
current, I,. Ry, represents the uncompensated solution 


resistance and Cp; is the double layer capacitance. These 


~ 7 ~ _ 
Pyare A Ce 
1 f iy) , 
{ 7 SU) 
‘ 
Ph a 
a ts 
) f* _ 
‘i 7 
, ; eid ot 
: = 1p 
ae te 
: is - 
a 


torr ek ame ond wate veag cise tk m 
x04, eauplnstons 56 agaw s* sa, 
tr O367 S077 Gortiw «8.3 at W @. 29 oa bf ~ whim oad 9 


Z 
7 
® 
@ 
“<a 
m 
ms 
a 
» 
ee 


~— 
mcfauitib xvAfud wt Wiebe Bet ios CD aa "Vatinads 
7 
(82h = @ of l~ysiaw f 
on et ’ 


grow sounindbed Tie eat oo >) So tte seuplodess: 3A ; 
befesneqmone 30 Gonpetety eas movt ,be3pReee a mm 
ng deh any atipeges seuni-elcuch bos sone sal eee oe 
SY ZVCeNS OOD ad er 69 owl tizass oxo ate. 
> 

ey ent tes i> SOQ esa Sih OF SVL Si anes — coals e376," 


ee) 
~BIneisus mae 70% 


at jg 20Rn ORR PEQPRINT os Io NOLIDEIIAE — 


inetwiianes ofvteniiéetey oh og paiitub jnertus on‘hier 
; lad 


~nvorjpete sll ee @oeeqgevecn off? 10 eolles iting 


Vlavivpe. We ve tye Seer es S 3 o> Yeu  gesddsedat Ean: 


ol seandne »atayed Wad oxedit. ~Jivoris oinawd F 


beloved vi tstaskiqnedyrs: selene13 episido alqmta 
oA douse aepedoew Reateytq 1 snotagess 2uosaspamorn" 

= . ot i 7 
> onbyreqeouos Bekoega evitceoxsoela Jo nolzqaoehA 


i1uotes joalev ive arlene: 25 »,gede aslense zs? sor ssoten 
A ¢ o i, wl 
pai gonetins. injsos sg S308 | sBoeyeen 2: 8h asupit . (BOLD. 


é 
i< 
’ 


- 


sy . My j 2G GAD af WiiGc ' 4 i ‘ ice a Ee) “i eba te} ond 32 Ave any ak. 


not tiuloe he tnanrsgnooaw ett. adAgao 1 gS Tas tml siaerIEs 


ers, 

: ; j 4 _ o so ; re 

nekt’ yoonadineqso seyel elduob ode &t gy hee HONGI SISO is 
: 4 

Hae 


ARIES, 


*1TNOITO yUuEeTeATNbse SeTpuey euL 


"QO aan of 


% dk 


cs, 


are generally determined in the absence of any 
electroactive species. The faradaic current flowing in 
the lower branch of the circuit can then be extracted from 
wp OY appropriate vector subtraction techniques [88]. 
Rev, the charge transfer resistance, represents the 
resistance presented to faradaic current flow due to 
finite ks, and W, the Warburg impedance, is a generalized 
frequency-dependent impedance representing resistance to 
mass transfer between the electrode surface and solution 
bulk. Once the alternating current component Te has been 
determined it may be analyzed according to the ac 
voltammetric expressions already presented. 

The method of subtracting I, from I, requires that 
the value of Cp,;,, measured in the absence of faradaic 
current is the same in its presence. There is some 
question that this is the case [105]. A second problem 
eoncerns the applicability of 7the Randies “circuit to solid 
electrodes. Some frequency dispersion (i.e. non-ideal 
behaviour) of the electrode impedance in the absence of 
electroactive species is very often observed in ac work at 
solid electrodes. This has been suggested to arise from 
the effects of surface roughness [106]. Other workers 
[107] have noted that the Hg electrode is not free from 
such effects and have suggested an incomplete 


understanding of the nature of the electrical double-layer 
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as being responsible for the theory-experiment 
discrepancies. It should also be noted that the direction 
of the frequency dispersion is consistent with the 
presence of siesunoudei ve impurities, and it is often 
difficult to assess to what extent this may play a role. 

A number of other factors related to experimental design, 
such as shielding of the working electrode by the Luggin 
capillary [101], or the presence of stray impedances 
within the electrochemical cell [108], may also contribute 
to the frequency dispersions. 

Whatever the cause of the non-idealities, it is 
important to be able to make measurements of heterogeneous 
rate parameters at solid electrodes, and such measurements 
are frequently made. It is also important to realize that 
the non-idealities do not result from the methodology 
employed. They are due to real physical-chemical 
phenomena, and it cannot be assumed that they do not 
affect data obtained by methods other than ac 
techniques. It is simply easier to ignore their presence 
when less sensitive techniques are employed. In addition, 
the mathematical tractability of the ac experiment often 
makes it possible to evaluate the extent to which non- 
ideal behaviour affects the faradaic response. These 
considerations, and others, have led Macdonald and McKubre 


[102] to the conclusion that techniques based.on concepts 
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of electrode impedance represent the most generally 
applicable approach to the study of electrode processes. 

It would clearly be advantageous if the faradaic 
component of the baay alternating current could be 
obtained without requiring knowledge of the processes 
which give rise to the additional currents. Some 


methodology which allows this has been developed here. 


453 spectroscopic Determination of the AC Voltammetric 
Response 


The electrochemical literature of the past decade 
reveals an increasing interest in the spectroscopic 
monitoring of electrode reactions [109]. Although a large 
number of spectroscopic methods have been utilized to 
advantage, UV-visible absorption spectroscopy has been the 
most extensively exploited. One of the most important 
advantages of measuring the change in absorbance resulting 
from an electrode reaction, as opposed to measurement of 
the resulting current, is the additional selectivity 
afforded by including wavelength as an experimental 
variable. 

UV-visible absorption spectroelectrochemistry as 
carried out either at optically transparent electrodes 
(OTB*s) [110,11 Por in reflectance experiments at 


conventional solid planar electrodes [112-117] has been 
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used to great advantage in the spectroscopic 
characterization of primary and secondary products of 
electrode reactions, and in mechanistic studies of 
homogeneous peice lane coupled to an electrode reaction 
(see, for example, references [113-117]). Recently, 
Bancroft et al. [118] have extended chronocoulometric 
theory “to spectroscopic observation at OTE"s*to yield a 
method for the determination of heterogeneous charge 
transfer parameters. These authors note that the 
additional selectivity afforded by spectroscopic 
determination of the electrochemical response is 
particularly advantageous when dealing with solvents or 
redox species which are difficult to purify. The absence 
of double layer charging contribution to the observed 
Signals is also a distinct advantage. 

Spectroscopic monitoring of porphyrin electrode 
reactions is particularly attractive as these species have 
very large molar absorptivities, and extremely good signal 
to noise ratios should be obtainable. This should allow 
electrode kinetic studies to be carried out at very low 
concentrations. As most metalloporphyrins are only 
sparingly soluble in a variety of solvents, this should, 
in turn, allow such studies to be carried out in a wider 


variety of solvents than has previously been possible. 
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When an alternating current results from alternate 
formation and removal of one form of a redox couple at the 
surface of an electrode surface, the intensity of a beam 
of light either transmitted through or reflected from the 
surface of the electrode will vary in accordance with the 
alternation of the relative concentrations of the two 
forms of the redox couple, provided that they have 
different molar absorptivities at the wavelength of the 
radiation. This alternation of light intensity has 
already been exploited in the technique of modulated 
specular reflectance spectroscopy (MSRS) [112-117]. In 
MSRS, a typically large amplitude periodic square wave 
potential is applied to the electrode such that first one 
and then the other form of a redox couple predominate 
periodically at the surface of an electrode. A phase 
sensitive detector (PSD) is used to monitor the variation 
in intensity of a light beam reflected from the surface of 
the electrode and the PSD output plotted vs wavelength 
provides a difference spectrum of the oxidized and reduced 
forms of the electroactive species. Although this 
technique has been used to provide qualitative support for 
proposed reaction mechanisms at surfaces [112] and in the 
diffusion layer [113-117], no example of its use in a 


quantitative manner exists. 
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It is shown here that if a small amplitude sinusoidal 
perturbation is superimposed on a slowly varying cyclic 
potential ramp applied to an electrode, the output of a 
PSD monitoring a light beam reflected from the electrode 
surface mirrors the charging current corrected ac 
voltammetric response. Sinusoidally modulated ac 
reflectance spectroscopy (SMACRS) is implemented with the 
Same instrumentation [116] as previously used in MSRS and 
retains both the qualitative and quantitative utility of 
linear sweep ac voltammetry in conjunction with the 
advantages of spectroscopic observation. 

As mentioned above, UV-vis absorption 
spectroelectrochemistry can be carried out by measurement 
of the intensity of a light beam either transmitted 
through or reflected from an electrode. Although what 
fowlowsmis equally applicable; in principle, to OTE'"s, the 
reflectance experiment has several important advantages. 
First, the intensity of a light beam transmitted through 
an OTE may be considerably reduced relative to that 
reflected from the corresponding solid electrode. Second, 
OTE's formed by deposition of a thin conducting film on a 
transparent substrate often have high resistances which 
may not be compensated for by positioning the Luggin 
capillary close to the electrode surface and can lead to 


uneven current distribution across the electrode 
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Surface. Third, because in the reflectance experiment the 
light beam passes through the double layer twice at some 
angle from a normal to the electrode surface, it 
encounters a greater number of the species of interest. 
The reflectance technique is thus inherently more 
sensitive. Fourth, since the secondary electrode must not 
obstruct the light path, it is not possible ina 
transmission experiment to arrange the working electrode 
such that all points on its surface are equidistant from 
the counter eye r odes The resulting potential 
distribution across the electrode surface may be 
particularly undesirable when working in non-aqueous 
electrolyte solutions or at optically transparent thin 
layer electrodes. For these reasons the discussion is 
confined to measurement of the ac response by reflectance 
spectroscopy. 

Winograd et al. have shown [119] that for the 


electrode process with no homogeneous complications 
Oxr-+une™ t Ze Red 


the absorbance-time profile measured at an OTE at a 


wavelength where only the reduced species absorbs is given 


by 
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i. file) dt (4-12) 


where A(t) is the absorbance, ER is the molar extinction 
coefficient of the reduced Species, and other notation is 
conventional. If both the oxidized and reduced forms of 
the electroactive species absorb at the wavelength of the 


incident radiation, then 


i 
ne ; 
ACE) a= AFA jiite) dat (A131) 
Where. AG (= Veoe— 86. is the difference in molar 


absorptivities of the two forms of the redox couple. Note 
that this equation assumes that a second identical 
electrochemical cell, but to which no potential program is 
applied, is placed in the reference compartment of the 
Spectrometer. Otherwise, a constant must be added to the 
right hand side of the equation. 

Where the light beam is reflected from the surface of 
the electrode, this result must be corrected for the fact 
that the light passes through the double layer twice. The 
coordinate system used in electro-reflectance studies is 
illustrated in Figure 29. 

For a light beam reflecting off a planar electrode, 
the absorbance-time profile is obtained by integrating the 


number of absorbing species along the path of the light 
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Figure 29. 


lectrode Surface 


The coordinate system used in combined 


electrochemical specular reflectance Spectroscopy 


experiments. 
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beam. The integration coordinate assumed in the 
derivation of equation 4-13 is parallel to x in the 
figure. In reflectance spectroscopy, the integration 


coordinate lies along q. Since 


(4-14) 


the right hand side of equation 4-13 must be multiplied by 
2/cos® to give 
= 
rr 2A€ 
A(t) T Arar coso Jit) dt a= 75) 
where 8 is the reflectance angle illustrated in Figure 29. 
When single beam spectrometers are used in 
reflectance experiments, the parameter generally measured 
is 


ARS ZR Cha aR) 


yo oR (4-16) 


where R(t) is the intensity of a reflected light~beam at 
some time. t, and R(0) is its, intenstty at t = 0. 


Since 


R 
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and, from the definition of absorbance, 


ie R(t) 
it follows that 
in(1 + 48) = — 42606 Ae eens ay 
R nFA cosé@ oe (4-19) 


This result is general provided no homogeneous 
complications exist, and the derivation of the 
spectroscopic response to a particular potential 
perturbation is simply a matter of performing the 
appropriate integration. When AR/R is small (values 
greater than 1073 have only very rarely been observed) 


then equation 4-19 can be linearized to give 


nn FA GO Gua Ee a 


R NFA cosé les fe (4-20) 


Now, when a potential program identical to that used 
in ac voltammetry is applied to the working electrode, the 
concurrent specular reflectance response, as detectable 
either by phase sensitive detection or tuned 
amplification, is given by substituting equation 4-1 into 


equation 4-20 leaving 
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where, for simplicity, the normalized parameter 


has been defined as the fundamental harmonic of the 
alternating component of the reflectance response. It is 
important to note that the function F(t), which expresses 
a time dependence of the amplitude of the sinusoidal 
response imposed by dc processes, can be considered 
constant with respect to the ac time scale, and hence does 
not enter into the integration. Carrying out the 


integration and cancelling terms gives 


R(wt= Reoy Fler etw)rcos Cat +4) (4-22) 
where 
4.606 AenFAE CO See 
R Mtoe ene seh eee OM OX y By sees 7 (4-23) 
va wt/*cose(4RT cosh*(43/2)) 


Comparison of these expressions with the analogous 
expressions for the alternating current reveals that the 
alternating reflectance is phase-shifted 90° from the 


faradaic current. Thus the phase angle ¢ is readily 
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accessible. Also, it will be noted that while the 
alternating current increases with the square root of the 
frequency, the reflectance decreases. 

Since it is desirable to obtain measurements at 
relatively high frequencies, the measurement of 
reflectance may appear to be disadvantageous with respect 
to measurement of the current. However, as will be 
illustrated later, the current associated with charging of 
the double layer capacitance does not, in general, 
contribute to the spectral response. When the current is 
measured the contribution from charging of the double 
layer capacitance increases, in the absence of 
uncompensated resistance, linearly with the frequency. 
The ratio of faradaic to background current thus also 


1/2 increases. The absence of charging 


decreases as w 
current in the spectral response implies that the smaller 
signals obtained at higher frequencies may not be as 
serious a problem as might first be expected. 

The ratio of the magnitude of the fundamental 


harmonic current to the corresponding reflectance 


parameter is given by 


|I(wt)| | nFAwcosé 


[R(wt)| 4.606 Ae (4-24) 
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This relation may prove to be of value in the 
determination of n-values or extinction coefficients. 
Unlike most voltammetric criteria, its application does 
not require that the charge transfer process is 
reversible. More importantly, however, it shows that at 
any given frequency, the alternating reflectance is just a 
multiple of the corresponding alternating current. Hence 
all previously derived qualitative and quantitative 
aspects of the ac voltammetric response (e.g. peak width 
at half-height, peak separation and cross-over potential 
in cyclic ac voltammetry) apply equally well to the SMACRS 
experiment. 

In general, three approaches are possible for the 
extraction of heterogeneous kinetic parameters from ac 
voltammetric data and hence from alternating reflectance 
data? ‘Aecomputer fit sof 9RCat)ovs wi/2 may be used to 
evaluate the various parameters in equation 4-22 [101]. 
The peak separation as a function of sweep rate may be 
used in conjunction with working curves for the 
determination of the heterogeneous rate constant*>k,, as in 
cyclic ac voltammetry [99]. The frequency dependence of 
the phase angle, $¢, may be used to evaluate kg and a, the 
charge transfer coefficient [88]. For several reasons, we 
have concentrated our efforts on the measurement of phase 


angles for the determination of heterogeneous kinetics. 
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First, they are readily accessible to PSD techniques. In 
addition, they do not require the computation of working 
curves for the determination of heterogeneous rate 
constants. Most importantly, Smith has shown [88] that 
phase angle data is not significantly affected by the 
magnitude of the modulation voltage, AE, for values up to 
20 mV, provided k, > 1072 cm/s. The ability to use larger 
modulations can be particularly important in 
spectroelectrochemical studies where Ae is small. 

The various phase relations in the SMACRS experiment 
are best discussed in terms of a phasor diagram, as in 
Figure 30. For the purposes of the following discussion, 
phasor, or vector, quantities will be denoted by an 
asterisk appearing aS a superscript to indicate that the 
mathematical operations involved are vector operations, 
while the absence of an asterisk indicates that only the 
magnitude of the indicated phasor is involved in the 


operations. 
* 


app’ 


applied sinusoidal potential perturbation, is used to 


The direction of the phasor AE representing the 


define the coordinate system in Figure 30. The total 
x, w 

curnment 1, in general leads AE app by some phase angle 

t,o bln the figure; the applicability of the Randles 


x 
circuit has been assumed in that I; is represented as the 


* oe 
sum ofthe faradaies current, i¢,) and a purely capacitive 
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Figure 30. Phase relations in the SMACRS experiment. 
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component, Lis This is not a necessary assumption, 
however, and the nature of other components appearing in 
conjunction with i? is irrelevant as long as they do not 
contribute directly to the observed spectral response. 

The phasor R* (wt) lags Le by 90°, and the phase 
angle, $¢,, between the faradaic current and the applied 
modulation voltage is therefore readily determinable 
through phase sensitive detection of the in-phase and 90° 
out of phase, or quadrature, components of the SMACRS 


response, R‘' and R", respectively. In this case 
cot 9. eons (4-25) 


The phase angle $6, is not directly measurable by other 
methodology. 


If the uncompensated solution resistance, Ry as 


zero, then no other measurements are necessary, Since bs 


d? in this case. If Rawls net zere,) then) the effective 


voltage across the electrode/solution interphase will 


* 
ditfter from “AB. according to 


PP 


* 
AE =. AE = I,R (4-26) 


and is thus phase-shifted through some phase angle, $¢ er 


* A 4 : 
from AE appr as noted in the Figure. In this case, the 


phase angle, $6, required for kinetic analysis is given by 
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6 = 5 + 6 (4-27) 


The phase angle $, is readily determined if the 
magnitude of the total current, I,, and its phase angle 
* . . 
ny with respect to AE, are Known. ~In this. case, Smith 


Pp 
[88] has given 


t 
oe COs ee wae a cy C4528) 
USE GER) eke ZOE pte RYCOS ¢.) 


This equation makes no assumptions concerning the nature 
of the components giving rise to uae The values I; and 6, 
may be determined through phase sensitive detection of the 
in-phase and quadrature components, I; and I}, of ie 


since 
Tice y( 1 dow tmttalt,) 27:7 (4-29 
and 
tan ¢,°= If¢/t¢t (4—50) 
The value -of sky may be determined by stepping the dc 


potential out of the electroactive region and determining 


De In this case the interphase may be treated as a 
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resistor, R,, and capacitor, Cp,;, in series, for which 


[120] 

tan-d— = 1/HCp R, (4-31) 
and 
(4-32) 


polving equation 4-3) etorguc,, in terms of Ry and: tan ¢,,7 


and substituting into equation 4-32 leads to 
Ret = “Ta OS oe (4-33) 


The use of equation 4-33 is tantamount to equating 
the in-phase component of the electrode impedance to the 
uncompensated resistance. As such, it is common practise 
[97] to base the calculations on data taken at as high a 
frequency as is permitted by the instrumentation, as 
values of R,, obtained at lower frequencies will tend to be 
high due to contributions from trace faradaic impurities, 
or from non-ideal behaviour of the double layer 
Capacitance. To the extent that the double layer does 
include a capacitive component, albeit a frequency 


dependent one, all other components in the equivalent 
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circuit will effectively short out at high frequencies, 
except BR, -yethe appearentmvaluer ofMRy,! obtained from 
equation 4-33 will therefore converge to the true value 
as the frequency ibbaivieeased [101]. It has been found in 
this laboratory that the values obtained are constant 
within a few percent at frequencies between 2 kHz and 10 
kHz and, in exceptionally clean systems where the residual 
current is particularly low, consistent values have been 


obtained at frequencies as low as 400 Hz. 


4.4 -—- Results, and Discussion 


The choice of an experimental system with which to 
evaluate any method purporting to facilitate the 
determination of heterogeneous electron transfer rate 
parameters is a difficult one to make. The values 
reported for systems which have been studied by different 
workers are frequently at variance. The system chosen 
here was the Fe(CN)¢?"/Fe(CN)¢~* redox couple in 1M 
aqueous KCl. Although the standard rate constant for this 
couple is now known to be highly dependent on pine 
conditions under’ which it is obtained [122,122], a number 
of workers [122-124] have reported values consistent with 


k. = 0.9 cm/s at Pt when obtained using mM or greater 


) 


concentrations of the electroactive species in 1 M KCl. 
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Figure 3l presents the SMACRS response obtained 
during a cyclic ac voltammetric experiment in 1 M aqueous 
KCl containing 10 mM KgFe(CN)¢ at a platinum electrode. 
The wavelength of ine beam monitored was 420 nm, the 
absorption maximum for the Fe (CN) 637 ion. At low sweep 
rates, Figure 3la, the forward and reverse sweeps 
coincide, indicating reversibility of the charge transfer 
process on the dc time scale. The peak potential here is 
0.219 V vs SCE, and agrees with the voltammetric half-wave 
potential as estimated from cyclic voltammetry in the same 
electrochemical cell. This peak potential is independent 
of the modulation frequency employed. The peak width at 
half-height is 94 mV, in excellent agreement with the 
theoretical value of 90/n mV expected for a reversible 
one-electron transfer. 

At higher sweep rates, Figure 3lb, the forward and 
reverse peaks are observed to separate, indicating non- 
Nernstian dc behaviour in accordance with the theory of 
cyclic ac voltammetry. The crossover potential, at which 
the forward and reverse peaks coincide, has been~shown 
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In) Figures 31b,''thispoint, is® identical’ to’ the’ low scan 
rate peak potential, and indicates that the charge 
transfer coefficient, a, for this system is equal to 

Of, 5%. e Thist may sheeebe inferred from the frequency 
independence of the low scan rate peak potential, as Smith 


as shown [88] that this reaches a limiting value of 


Doin 22 nF o (4-35) 


at high frequency. 

It will be noted that the base lines of Figure 31 are 
flat and correspond to electrical zero. This is in 
contrast to the non-zero curved base lines arising from 
charging current contribution to the responses generally 
obtained with conventional ac voltammetric methods (see, 
for example, reference [99]). 

Phase angle data were collected by first stepping the 
dc potential to the half-wave potential of the redox 
couple. After waiting a few seconds for the system to 
stabilize, the output of a PSD monitoring that component 
of the spectral response which was in phase with the 
applied potential modulation was recorded for ca 3 seconds 
with a recorder operating in the Y-t mode. This was 
followed by 3 s recordings of the quadrature component of 


the spectral response, and of the in-phase and quadrature 
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components of the current. After recording of the 
currents, the spectral components were measured again to 
ensure that no time dependence of the magnitude or phase 
of the signal existed. This sequence was repeated a 
minimum of 6 times at each frequency investigated, and the 
medians of the values obtained were used in calculating 
the various phase relations indicated in equations 4-25, 
andi 4—=27- "to 4430. 

A plot ‘of cot “¢ "vs wi/2 (lower trace) so obtained for 
the ferro-ferricyanide redox couple is illustrated in 
Figure 32. The plot is linear with the vertical intercept 
at unity, in accordance with equation 4-ll. From equation 
4-11 and the individual cot 6 values, a value for the 
heterogeneous jrate constant™of ke = 0.096 + 0.008 cm/s was 
obtained, in excellent agreement with the value 0.09 
expected from the literature (vide supra). The upper 
trace in Figure 32 corresponds to values of cot $, 
obtained before correction for the effects of 
uncompensated resistance. 

The value cf K,, used in equation, 4-28 toycatculate 
the cot $¢ data of Figure 32 was only 2.3 ohms. It is 
apparent that, even with this small uncompensated 
resistance, the magnitude of the phase angle correction, 
tom 1s large, particularly. at higher frequencies... This ‘is 


largely due to greater currents resulting from the use of 
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Fiures$n3 2hhe COmisd data for ferro-ferricyanide 
system as obtained by SMACRS at E ac = ,219 V vs SCE, 
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10 mM concentrations and 18 mV modulation voltages. These 
conditions were desirable in this case because of the 
small value of Ae associated with the ferro-ferricyanide 
system (Ae = 1020 fe 420 nm) [14]. For many systems of 
interest, however, Ae will be larger than this, and the 
concentration of electroactive species and modulation 
amplitudes may be reduced accordingly. Figure 33 
illustrates SMACRS data obtained at cathodic potentials in 
DMSO/0.1 M TBAP containing 1072 M C1Mn(III)TPP. The 
change in molar absorptivity, Ae, associated with the 
redox couple (Mn(III)TPP)*/(Mn(II)TPP) in this solvent is 
approximately 8 x 104 in this solvent, and good signal to 
noise ratios were obtained with 8 mV peak to peak 
modulation voltages, even at these very low 
concentrations. A cyclic voltammogram obtained in the 
same solution is also indicated in the figure. The 
cathodic and anodic peaks associated with the 
Mn(II)/Mn(III) couple are barely discernible against the 
background current. Comparison of the SMACRS and cyclic 
voltammetric responses adequately demonstrates the 
sensitivity of the former technique when large changes in 
molar absorptivity are involved. 

Figure 34a illustrates a cyclic voltammogram for the 
DPA/DPAt* redox couple (DPA = 9,10-diphenylanthracene) in 


CH3CN/0.1 M TBAP. The peaks labelled 1 and 2 are due to 
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Current 


R(wt)/ a.u. 


—- .6 -—.4 -.2 
Vevs—Ag/AG- 
Figure > Gay Ret) vs potential (Volts vs Ag/Ag’ 


GPO. Ne DMSO )yrebon = iiix 107° M C1Mn(III)TPP in DMSO 
(.1 M TBAP); X= 446 nm; w/2nr = 44Hz; AE = 8nV; 
v= 5 mV/s. (b) Cyclic voltammogram of the same 

system; v = 50 mV/s. 
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Figure 34. (a) Cyclic voltammogram of 1 mM DPA in 
CH,CN(.1 M TBAP); v= 100 mV/s. (b) R( wt) vs 
potential recorded in the same system; d= 595 nm; 
AE = 10 mV; w/2n = 70 Hz, v= 100 mV/s. 
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the presence of some impurity in the system. Their 
presence is not observable in the SMACRS response (Figure 
34b) recorded at 595 nm, however. It is obvious that the 
additional selectivity afforded by spectroelectrochemical 
technology can be important from the viewpoint of analysis 
involving complex mixtures of electroactive species. 

AS Eurther -contivmation of the applicability of the 
method to the determination of heterogeneous electron 
transfer kinetics, a phase angle analysis was performed 
for the DPA/DPA*® couple (this time in a clean system). 
Figure 35 illustrates the cot $ vs wi/2 data obtained. 
Bnewiupper trace (squares), corresponds to the cot’ ¢. values 
obtained before correction for the effects of 
uncompensated resistance. The lower traces correspond to 
cot ¢ values obtained after correction for the presence of 
19.4 ohms (circles), as was actually measured for this 
system, and 25 ohms uncompensated resistance. 

Several points can be made with reference to this 
figure. First, although the value of 19.4 ohms used in 
calculating the center trace is nearly an order of 
magnitude greater than the 2.3 ohm value used in 
correcting the ferro-ferricyanide data of Figure 32, the 
magnitude of the phase angle correction is no greater. 
This results from the use of lower concentrations for the 


DPA system (1 mM) as opposed to the ferrocyanide system 
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149 


et 


. im 
“ & ihe 


2°T3) Sits 


as, 


o" 


suieroteb as “* pay 0%; aren’ s tad +26. au rh . at 
ay Terre 4 \) Ko, 9 yt a8 ‘pit\wa av of fol, = * ok * 


das - BiG) 
\ i At 
oi 5 Mi AyH iy? iM ast) 
} ma *s TRS 7 a i 
F a it; Phin Tt 
, 1 eae 5 : ra 
Py o eet We 
O\ Oe Vea err 
er aE 
i f o. ) oF, Lad 
_ ek i | 
’ inv 9 a, 
| 7 ie 
; ce | a 7) 
i 7 i" ; ; 
; yy 7 pay ie 
4 hoe De 
\v ; ‘ r ne 
”) 
awe oe 
a 


De a . is | is 


Bi 


J i we 7 : 7 t ' i , A 
7 i . 4, i x y 
Bortremeanitn =! iia <a bleed i Meise eal hey ie sate eS ee ae 


ete, meee ni 3a ni ic; 


Hay oH 
ae. : : Cs P| ey 


es ) A> lee aft tes i mat: 


(10 mM). Second, in comparing the centre and lower traces 
o£ Figure, 35, it is-apparent that the’ linearity: of the 
resulting plot, and the correspondence of the vertical 
intercept to ane wes as sensitive indicators of the 
reliability of the R,, value used in making the phase angle 
corrections. It is feasible to develop a computer program 
to correct phase angle data uSing a value of BESwhich*?is 
selected such that the least squares intercept is unity, 
or the deviations from linearity are minimized, and thus 
circumvent the necessity of measuring this parameter. 

The phase angle data were used to calculate a value 
for the heterogeneous rate constant of the DPA/DPA* 


couple in accordance with equation 4-ll. Assuming a value 


for+thesdiffustonecoefficient «ofeD 1.97 x 107° cm2/s 
Li2s)¢othosvaliewopeained was: Otk4e.40801 “cm/s. iThis 
value is an order of magnitude less than the value of 1.6 
cm/s obtained in CH3CN/0.1 M (CH3CH9) 4N7C10,~ by Peover 
and White [126]. Their value, however, was obtained by 
high speed cyclic voltammetry, and has been criticized by 
Koizumi and Aoyagui. These latter authors reported a rate 
constant for the Per/Pert® (Per = perylene) couple of 0.7 
cm/s in CgH5NO7/0.4 M TBAP as obtained by the double 
galvonostatic pulse technique [127], a method more 


Suitable for determining rate constants of this order of 


magnitude. 
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Attempts to apply SMACRS to the determination of k, 
for the Per/Pert*® redox couple under the conditions 
reported by Koijumi and Aoyagui have been unsuccessful to 
date. The values Be meOr 6 obtained did not differ 
Significantly from unity at frequencies up to 500 Hz. The 
Signals obtained at frequencies higher than this were too 
small to allow accurate determination of the associated 
phase angle. It is noteworthy, however, that while the 
forward and reverse peaks for the DPA/DPAT® couple begin 
to separate at dc potential sweep rates as low as 100 
mV/s, no separation of the forward and reverse peaks for 
the Per/Pert* system is observed at Sweep rates of up to 
700 mV/s. Since the peak separation in cyclic ac 
voltammetry increases as the rate constant decreases, this 
clearly indicates that, k., for) the Per/Per** couple is 
considerably greater than that for the DPA/DPAT ° couple, 
and adds some credibility to the value reported here for 
DPA. The SMACRS response obtained for the Per/Per’’ 
couple at 700 mV/s and 700 Hz is presented in Figure 36. 
Because of the very small signals obtained at this 
frequency, the output of the PSD wag, fed into a Hi-Tek 
type AA-1l signal averager, and the data presented is the 


result of 64 repetitive scans. 
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Figure 36. R( wt) vs potential for 1 mM perylene 
in CgH_NO(-4 Mere). heen >Jomms: Ae = LOsmv;} 
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4.5 Electrochemical Cell and Instrumentation for SMACRS 


The cell used in this work was a conventional design 
used previously in MSRS [113], and is illustrated in 
Figure 37. The working electrode was a 7 mm o.d. Pt disc 
Silver-soldered onto a brass shaft and heat shrunk into a 
Kel-F tube. The electrode surface was machined flat and 
polished to a mirror finish on 0.03 um polishing 
alumina. The counter electrode consisted of a piece of Pt 
foil welded to a Pt wire sealed in glass. Light from a 
200 watt Hg-Xe arc lamp could be focussed at a 45° angle 
onto the surface of the working electrode through a quartz 
window incorporated into the body of the cell. This was 
then reflected to a photomultiplier tube through a second 
quartz window positioned 90° from the first. 

The instrumental arrangement is essentially identical 
to that used commonly in MSRS studies, and is pictured in 
Figure 38. All of the components are commercially 
available. The heart of the instrument is the 
photomultiplier tube (PMT), in this case an RCA 31000 M. 
Thissprovides ‘an output current, C, Iigeariy related to 
the intensity, R(t), of the reflected light beam impinging 


upon it. For monochromatic light, one can write 


Chea ven RLY (4-36) 
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Instrumentation for SMACRS 


A. Power supply for lamp. 

B. Lamp 

C. Monochromator 

D. Electrochemical cell 

E. Potentiostat 

F. Waveform generator 

G. Oscillator 

H. PMT 

i. Current follower 

J. integrator 
K. PMT high voltage source 
L. Lock-in Amplifier / PSD 
M. Recorder 

Figure 38. Instrumentation for SMACRS experiments. 
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where A is the gain of the PMT, A is the wavelength of the 
incident radiation, and V, is the high-voltage supplied to 
the PMT. | 

in, order that vtnelcurrent, C; may be amplified and 
converted to a voltage for recording purposes, the signal 
C is taken to the input of a current follower. The 
Bentham model 210E current follower used in this work 
includes a summing network such that a constant offset 


voltage may be added to the output, according to 
Me = SC + VofF (4=3 7) 


where Vy, is the output voltage provided by the current 
follower, S is the current amplification factor, and Vo¢¢ 
is whatever constant offset voltage may be selected for 
the purpose at hand. 

Now, at the beginning of an experiment, before any 
potential has been applied to the working electrode, the 
intensity of the light reaching the PMT is R(0) and the 


current follower output is given by 


V6 =. SA(AV,) RIO) + Voge (4-38) 
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The voltage offset is then adjusted so that this signal is 


zero according to 


Vore = ~SA(A,V,) R(0) (4-39) 


At some later time, t, when a voltage has been applied to 
the working electrode and a concomitant change in the 
intensity of the light reaching the PMT has occurred, the 


current follower output will be 


Vo = DAUAgV a) met. > SAVA,V) RIO) (4-40) 


Division of this result by equation 4-39 and cancelling 


terms gives 


SRS QEMRIGEDIS “RO ) 
Vie R(0) 


OG 


AR : 
Vg = Votf =p. (4-41) 


The provision to offset the current follower output thus 
allows direct measurement of the parameter AR/R. 
In order that reliable measurements of AR/R may be 


made throughout the course of an experiment, the identity 
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defined by equation 4-39 must be maintained. In general, 
however, R(0) will vary due to, for instance, a buildup of 
absorbing species associated with the dc portion of the 
experiment, and a Perna atiing adjustment in the gain, 
A(\,V,), of the PMT must be made by varying the value of 


the high-voltage, V Supplied to it. This is tantamount 


s! 
to requiring that no dc component of Vo exists. 

The high voltage supplied by the PMT power supply, in 
this case a Bentham model 219, is determined by the value 


ofan Wnpuite ‘control wobtagery V: The control voltage, in 


Cs 
turn, is obtained by integrating the output voltage of the 
current follower according to 


t 
-1 
eS Fae iG dt (4-42) 


The integrator acts, essentially, as a low pass filter, 
and periodic components of frequency f >> 1/RC will have 
negligible influence on V.- The integration time 
constant, RC, used in this work was 3 seconds. 

Any dc component of V,, however, will directly 
influence V, and a compensating adjustment in the voltage 
Supplied to the PMT will be made such that the dc level 
associated with V, is effectively-controlled at zero. 

The current follower output, V,, was taken 


simultaneously to an analogue integrator, providing the 
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feedback control voltage V., and to the input of a PSD. 
The PSD allows determination of the in-phase and 
quadrature components of periodic input signals. For a 


Sinusoidal input voltage, V the PSD output is given by 


os 


where S is the amplification factor and $¢ is the phase 
angle between V, and some reference signal supplied to the 
PSD. The reference Signal in this work was derived from 


: : * 
the oscillator supplying AE, to the adder input of the 


Pp 
potentiostat. Zero phase difference between this signal 
and that appearing at the reference electrode was measured 
at frequencies up to 5 kHz, verifying that no phase shift 
was introduced by the potentiostat. The PSD includes a 
phase shifter capable of internally shifting the reference 
signal by 90°, thereby allowing the determination of both 
the in-phase and quadrature components of the input 
Signal. 

All commercially available PSD's include a low pass 
filter to remove high-frequency noise from the output 
Sianeli.) Some care™must, be’ exercised, in selecting: the time 
constant associated with this filter, as too long a 
setting can result in attenuation of the signal and 


introduce artificial separation of the forward and reverse 
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peaks. In practise the time constant may be adjusted by 


decreasing it to a point where further change does not 


affect the SMACRS response obtained. This setting must be 


re-evaluated when either the frequency or dc scan rate of 


the applied potential program is changed. 


26) -AC Voltammetry With Background Correction 


Although it is felt that the applicability of SMACRS 
to the study of electrode kinetics has been adequately 
verified, the experiment, in its present state, requires 
an inordinate amount of time. Each one of the cot 6 
points in Figures 32 and 35 is the result of 6 or more 
independent determinations of the in-phase and quadrature 
components of the SMACRS response, and three independent 
measurements of the analogous current components. 
Accounting, in addition, for the measurement of the 


frequency and the applied modulation voltage, each point 


thus represents twenty or more separate measurements. The 


method is amenable to computer acquisition of data, and 
more modern PSD's allow the simultaneous Be epiend ariion of 
both the in-phase and quadrature signal components. 
McCreary [128] has shown that by increasing the angle of 
incidence, 9, of the light beam, signal to noise 
improvements of up to 200 times can be achieved in 


specular reflectance experiments. It is expected that in 
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the future, both the time requirements and precision of 
the method will be greatly improved upon. In the 
meantime, however, some alternative methodology has been 


considered. 


4-77 a,AC Voltammetry With Background Subtraction 


If all other current components except those 
associated with the faradaic process of interest could be 
subtracted from the total current, that remaining would be 
subject to phase angle analysis through the same 
procedures as already discussed for SMACRS. Subtraction 
of the background current as obtained either by its 
measurement in the absence of the electroactive species of 
interest, or by baseline extrapolation, is commonly 
employed in potentiostatic techniques such as 
chronoamperometry and cyclic voltammetry. Unless the 
uncompensated resistance is zero, however, the method is 
not strictly valid, and has not been applied to kinetic 
analysis based on impedance methods. The problem is that 
the potential across the electrode/solution Meeroness is 
different in the presence of a faradaic current than in 
its absence by virtue of the Tene potential drop. Hence, 
the background current cannot be expected to be unaffected 
by the presence of the faradaic process. In conventional 


ac methods, the solution has been to calculate the 
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background current on the basis of the value of the double 
layer capacitance measured in the absence of the 
electroactive species, as previously noted. In this 
section, the feasibility of directly subtracting the 
background currents is considered from the viewpoint that, 
given the questions concerning calculation of the 
background current, especially at solid electrodes, the 
resulting method may be just as valid. 

The proposed method is to estimate the in-phase and 
quadrature components, ie and Ifr of the faradaic current 
by a Simple baseline extrapolation in the appropriate 
phase selective linear sweep voltammograms. Typical 
voltammograms obtained in-phase and 90° out of phase from 
the applied potential modulation illustrating the extrap- 
Olation procedure are presented in Figure 39. The data 
were obtained during an anodic sweep in CjH4Cl2/0.2 M TBAP 
CONntai ning, .o. 2, 4x 1074 (ClO, )Mn(III)TPP, and the peaks 
correspond to the (C104)Mn(III)TPP/(C104)Mn(III)TPP 
redox couple. Note that) in this)particular solvent system 
the baselines are exceptionally flat, and the extrap- 
Olation can therefore be made with a minimum of 
subjectivity. 

Once I¢ and If have been estimated, the phase angle 


¢, may be calculated from 
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ac voltammograms for 0.8 mM (C10),)Mn(III)TPP in 
CoH, C1,(.2 M TBAP); v = 5 MV/S? -0/2n = 21 -Hz, 
BE = 6 mV 
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tan %. = Lye igs (4-44) 


Since I} and I? are also available from the voltammograms, 
if R, is determined by the method already outlined, then 
the phase angle correction, $¢,, may be determined through 
equation 4-28. Hence, the standard electron transfer rate 
constant may be obtained via equations 4-27 and 4-1ll. 

A feeling for the magnitude of the error involved as 
a result of the assumption that the background current is 
unaffected by the presence of the faradaic current may be 
obtained in the following way. If one assumes the 
applicability of the Randles' equivalent circuit, then, 
following Sluyters and Sluyters-Rehbach [101], the in- 
phase and quadrature components of the total electrode 


impedance are given by 


and 


2 yi5 172 ROE HRY (4-46) 


respectively. Here, ® is the charge transfer resistance, 


given by 
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pee 212 Re (cee 
— yas an anes Ee ee _ 
n“F AC ce 
Ox 
These “expressions ‘for otand Ovassume that Eq. = ET yas and 


pie On. = Dp = D. teuie wvaluciof ko “and D for a 
particular system can be estimated, and if estimates of 
the electrode area and the double capacitance can be 
obtained, then Z' and Z" can be calculated. The magnitude 


of the total electrode impedance is given by 


oe (z'2 a z"2) 


(4-49) 
and the associated phase angle, $,, is given by 
Cano, = 62 they (4-50) 
The in-phase and quadrature components of the total 
current are given by 
Tt = AEapp/4 (a= 5b) 


ey =p COS. Op (4-52) 
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and 


babs aie Sin, oy, (4-53) 


The electrode impedance in the absence of electroactive 


Species is similarly determined since, in this case, 
ee (4-54) 

and 

2, = 1/wCpy, (4-55) 
and the in-phase and quadrature components, I, and If, of 
the background current can be calculated in a manner 
analogous to that used for the total currents. The 
faradaic components, I¢ and I#, can be obtained by 

ah Gaye ls (4-56) 


and 
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and the phase angles ¢. and $¢, are then available as 
already described (eqns 4-44 and 4-28), and an apparent 
rate constant, in theory identical to that which would be 
obtained by the proposed method of background correction, 
can be calculated. Comparison of this value with that 
used in the original calculation of the charge transfer 
resistance therefore provides an estimate of the error 
associated with the method. 

The ratio k¢g/k,, where Kowisthe appercnt irate 
constant calculated as just described, is plotted as a 
function of frequency in Figure 40. The values of the 
parameters used in the calculation are indicated in the 
figure, and are typical of those likely to be encountered 
for the ferro-ferricyanide system in 1M aqueous KCl. It 
is evident that, provided the uncompensated resistance is 
kept below 5 ohms, no more than 10% error should result 
from the assumptions in the methodology at frequencies 
below about 250 Hz. Since this is well within the limits 
of precision that can be expected in most electrode 
kinetic studies (see, for example, references 9-11), the 
error introduced by the method may be considered | 
acceptable. 

After wading through a few of the described error 
calculations, a few generalities become apparent. The 


most important factors contributing to the error at a 
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Figure 40. Ratio of apparent rate constant, ks sito 
true rate constant, Ko» as a function of frequency. 
Parameters used in the calculation: A = .2 cm; 

cy = .5 mM; Cy, = 10 wF/em*; R, = 52 3 k, = «1 cm/s; 
Deo kX 107° om“/s; AE = 5mV. 
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given frequency are the magnitude of the double layer 
capacitance, and the value of the uncompensated 
resistance. Thus, a smaller double layer capacitance will 
introduce less error. This is an important consideration, 
Since the double layer capacitance in nonaqueous solvents 
is generally considerably less than that encountered in 
aqueous systems. For instance, the CH 3CN (0.1 M TBAP)/Pt 
interphase exhibits a double layer capacitance of ca 4 
uF/em2 [129], while the value associated with the C5H,Cl>5 
(0.2 M TBAP)/Pt interphase has been estimated at 2.5 
uF/om?, (The latter value was obtained in this work from 
high frequency measurement of the electrode impedance in 
the absence of electroactive species, and the application 
of equations 4-31 and 4-32.) Values for the double layer 
Capacitance in aqueous systems are typically 10 to 20 
uF /om2 [25]. Hence, a larger uncompensated resistance may 
be more acceptable when working in nonaqueous solvents. 

A second major factor is the relative magnitude of 


the uncompensated resistance, R to the charge transfer 


u?’ 
resistance, 6. “As 8 “increases” (ie. Kk. decreases), the 
error inherent in the method decreases. Hence, the 
presence of larger uncompensated resistances is more 


acceptable where more sluggish charge transfer kinetics 


are involved. 
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It is evident that the inherent error always becomes 
greater at higher frequencies, depending on how much 
uncompensated resistance is present. It is recommended 
that the cyt cad eters just described be carried out for a 
particular system, before applying the method, in order to 
determine how much uncompensated resistance is tolerable 
for a particular frequency range. There is some wisdom, 
aside from the considerations of the error inherent in the 
method, in avoiding high frequencies. As Smith has noted 
[88], the derivative d cot $6/d » increases sharply as $ 
decreases. Since smaller phase angles are encountered at 
higher frequencies, the precision with which cot $ values 
may be determined seriously deteriorates. At the same 
time, however, it must be kept in mind that the value of 
cot ¢ becomes less sensitive to the value of ks as the 
frequency decreases, and greater precision is therefore 
required at lower frequencies. 

In this work, it has been found that higher 
frequencies where the value of cot $¢, is much greater than 
4 should be avoided as a result of the poor precision 
attainable. The lower limit on usable frequencies depends 
on the value of k,, and calculations OF ts value “from cot 
¢ values less than 1.2 should probably be questioned. Of 
course, the precision attainable from the instruments at 
hand and the skill of the experimenter will both be 


important factors in determining a usable frequency range. 
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The applicability of the method to the ferro- 
ferricyanide system at a Pt electrode in 1 M aqueous KCl 
was tested, and the apparent values of the rate constant, 


k obtained at different frequencies are collected in 


s! 
Table 4. The concentration of KygFe(CN)¢ was 1 mM and the 
uncompensated resistance present during the measurements 
was 3.6 ohms. The baseline extrapolation procedure was 
used, and the rate constants were calculated assuming a 
diffusion coefficient D = 6.32 x 1076 cm*/s P25 che 
modulation amplitude was 6 mV and the dc potential scan 
rate was 5 mV/s. 

There appears to be some trend to lower k, values, as 
might be expected from the method employed, as the 
frequency increases. The average value, k, = 0.09 + 0.009 
cm/s, is in good agreement with that obtained by SMACRS, 


where no theoretical error is involved with the 


methodology. 
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Table 4 
Standard Rate Constants for the Fe(CN)¢~3/Fe(CN)¢ ¢ 
Redox Couple Obtained by AC Voltammetry 


With Base-Line Extrapolation 
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CHAPTER 5 


STANDARD HETEROGENEOUS RATE CONSTANTS FOR SOME 


PORPHYRIN/PORPHYRIN CATION-RADICAL REDOX COUPLES 


5-1 Experimental and Results 


The method of ac voltammetry with base-line 
extrapolation was applied to the determination of kg, 


values for the redox reaction 
Pie les 3ePpt (5-1) 


where P is TPPHz or one of its metal complexes as listed 
im Pable, 5s OnesetectronanouleG Oxraations of all: of the 
complexes in Table 5 have previously been ascribed to 
cation-radical formation, as opposed to metal oxidation 
(see Chapter 2, and references 35 and 70). Some 
additional evidence for the cation-radical postulate in 
the case of the manganese complexes will be presented in 
Chapter 7. | 
Calculations as described in Chapter 4 were first 


carried out to determine an appropriate frequency range. 
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These indicated that at frequencies below 200 Hz, no more 
thany10%: terror ‘in ithe avalue of kg«should be sintroduced by 
the assumptions of the method employed, provided the 
uncompensated resistance was kept below 40 ohms. The 
greater value of the uncompensated resistance tolerable in 
these experiments, as compared to the previously discussed 
ferro-ferricyanide case, results from the smaller double 
layer capacitance associated with the Pt/C9H4Cl9(0.2 M 
TBAP) interphase. In addition, both the k, values and 
diffusion coefficients associated with the porphyrin 
oxidations are considerably smaller than those associated 
with the ferrocyanide system, and this also relaxes the 
requirement of minimum uncompensated resistance. 

Before each experiment, the Pt electrode was immersed 
in hot concentrated nitric acid for a minimum period of 2 
bisectbis.was ehollowed ¢by- winsing; ighinst,..with triply 
Gistilled water, then with distilled reagent grade 
acetone, and finally with purified 1,2-dichloroethane. In 
phase and quadrature components of the ac voltammetric | 
response were recorded, as discussed in Chapter 4; for a 
minimum of 6 frequencies in the range 15 to 200 Hz. The 
porphyrin concentrations employed were all in the range 
Ons jto 1 mM with the-exception of (CH3,CO5)Fe{III)TPP, 
where concentrations were ca 0.2 mM due to the limited 


solubility of this complex in dichloroethane. The dc 
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potential scan range employed was 5 mV/s, and the 
potential modulation amplitude was 6 mV. Positive 
feedback compensation of solution resistance was employed 
to minimize R, to a degree where stable potentiostat 
operation could still be maintained. The value of R, used 
in subsequent calculations was experimentally determined 
as discussed in Chapter 4. For most cases, this was in 
the range 15 to 30 ohms. 

Following the ac voltammetric measurements, 
chronocoulometric QO-t responses were obtained by stepping 
the applied potential to a value where the first porphyrin 
oxidation was diffusion controlled (ca 250 mV anodic of 
the ac voltammetric peak potential). The electrode was 
then removed from the porphyrin solution and rinsed with 
fresh dichloroethane. After drying, chronocoulometric 
curves were recorded for the oxidation of KyFe(CN)¢ in 1 M 
aqueous KCl. The porphyrin diffusion coefficients were 
determined by comparing the slope of the porphyrin 
chronocoulometric Q vs ti/2 plots, normalized to 
concentration, with the corresponding value obtained from 
the ferrocyanide experiment (see Appendix 2), assuming a 
diffusion coefficient for ferrocyanide of 6.32 x Vor? 
cm/s. 

The entire procedure was repeated at least one more 


time for each porphyrin to ensure that the results were 
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reproducible. The diffusion coefficients, for all but one 
case, were reproducible within 10%. For 
(CH3CO7)Fe(III)TPP, the agreement between successive 
determinations of the diffusion coefficient was only 

40%. As the diffusion coefficients enter the calculations 
as pl/2, deviations of this magnitude do not seriously 
affect’ the’ value of ko’ determined. The standard 
deviations associated with k, values calculated via 
equation 4-11 at each individual frequency are reported in 
Table 5. 

Also included in Table 5 are the ac voltammetric peak 
potentials, reported to the nearest 5 mV, for the various 
P/Pt* couples investigated. These are uncorrected for the 
presence of the liquid junction potential between the 


reference and working electrodes. 


S228 Discussion 


The data presented here is part of a planned study of 
factors affecting the rate of cation radical formation for 
TPP complexes of a number of the first row Deter 
metals and alkaline earths. It is hoped that eventually a 
deeper understanding of the mechanism underlying the 
electron transfer reactions of the porphyrins will be 
attarmed.s Catton Umadicals of metalloporphyrins are 


believed to be important intermediates in green plant 
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photosynthesis, and in the action of a number of heme- 
containing enzymes such as the catalases and 
peroxidases. Aside from the biological significance of 
redox reactions involving porphyrin cation radical 
formation, such studies should be important from a more 
fundamental viewpoint. Because of the biological 
Significance of the metalloporphyrins, an extensive and 
rapidly growing, body of literature reporting X-ray 
Structure determinations of these compounds exists. For 
many cases, structures of both forms of a redox pair are 
available. It may be possible to arrive at correlations 
between charge transfer rate constants and structural 
changes which occur during the electron transfer 
process. Such correlations based on porphyrin data could 
well be extrapolated to other systems. 

Although the data are as yet too limited to allow a 
great deal to be said, some comments can be made. First, 
all of the rate constants reported here lie ina limited 
ranges», Since all,of the redox processes are associated 
with cation radical formation, this is to be expected. A 
rate constant far outside this range might well indicate 
that the charge transfer process involves the central 
metal atom rather than the porphyrin ligand, or that the 
charge transfer mechanism is complicated by some other 


factor such as specific adsorption, perhaps through an 
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axially bound counterion, to the electrode surface. 
Charge transfer reactions involving the central atom are 
most often considerably Slower than those reported here. 
For instance, in a study [10] of the heterogeneous charge 
transfer kinetics of the redox couple 
XFe(III)TTP/XFe(II)TTP (TTP = tetra(p-tolyl)porphin 
avarrvor ) Gin CHoCl> (0.1 M TBAP), where X was one of 
twenty-nine axially bound counterions, an average k, of 
1.5 cm/s was found, the highest value reported being 4.8 
cm/s, a full order of magnitude less than the values 
reported here for cation-radical formation of Fe(III)TPP 
complexes. Similarly, Kadish et al. [130] have reported a 
value of 1 x 1073 cm/s for the redox couple 
Mn(III)TC1PP*+/Mn(II)TC1PP (TC1PP = tetra(p- 
chlorophenyl)porphin dianion) in DMSO (0.1 M TBAP), and a 
value of 6.6 x 1073 cm/s was estimated in this work for 
the analogous Mn(III)TPPt/Mn(II)TPP couple by conventional 
cyclic voltammetry in the same solvent. (In both cases, 
the porphyrin counterion was chloride. This does not 
remain coordinated to the metal atom in DMSO, however, as 
noted in the introduction. ) 

Heterogeneous charge transfer rate constants have 
been reported [11] for cation radical formation of a 
number of octaethylporphyrin (OEP) complexes at a Pt 


electrode in butyronitrile (0.1 M TBAP). These appear, in 
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general, to be faster than those for the TPP complexes 
reported here, and range from ca 0.1 cm/s for complexes of 
simple +2 metal ions, Such as Mg(II)OEP, to ca 0.4 cm/s 
where the metal is in a more highly oxidized state, as in 
the vanadyl complex OV(IV)OEP. Under the Marcus theory of 
electron transfer reactions [131], the reaction rate 
depends on the energy of solvation changes accompanying 
the electron transfer, as well as on the extent of 
internal bond reorganization of the complex which occurs 
during the electron transfer step. An increase in either 
of these factors is manifested as a decrease in the 
associated rate constant. For porphyrin t-cation 
radicals, where the charge associated with the electron 
transfer is highly delocalized through the aromatic ring, 
solvent interactions may be expected to be minimal. One 
can then speculate that the difference in the rates of 
cation radical formation for TPP and OEP complexes is due 
to structural differences between the two porphyrin 
ligands. 

X-ray data indicates that, in the tetraaryl 
porphyrins, considerable steric interaction occurs between 
the ortho positions of the aromatic substituents and the 
B-pyrrole positions of porphyrin core, as noted in the 
introduction. This results in a non-planar conformation 


of the porphyrin nucleus with the nitrogens of adjacent 
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planar pyrroles positioned alternately above and below the 
mean porphyrin plane. The X-ray structures of Zn(II) 

[132] and Fe(III) [49] tetraphenylporphyrin cation 
radicals indicate that this distortion is more severe than 
in the unoxidized complexes, and it has been noted [31] 
that such structural deformations allow a greater degree 
of conjugation between the phenyl substituents and the 
porphyrin t-system. This in turn provides for more 
extensive delocalization of the positive charge in the 
cationic species. 

On the other hand, the porphyrin nucleus in 
octaethylporphyrin is essentially planar [133], and it is 
anticipated that no departure from planarity will occur on 
oxidation of this ligand. The greater degree of bond 
deformation required to bring the phenyl substituents into 
conjugation in the TPP complexes may then provide a 
rationale for the slower rate constants observed as 
compared with those of the OEP complexes. Evidence was 
presented in Chapter 4 that the rate of oxidation of DPA 
is considerably less than that for perylene. In DPA, the 
two phenyl substituents are twisted ca 60° with respect to 
the anthracene nucleus [134], while perylene exists in a 
completely planar conformation. The slower rate constant 
f7r DPA oxidation might similarly result from a bond 


deformation required to achieve a greater degree of 
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conjugation between the anthracene nucleus and its phenyl 
substituents. 

The data of Table 5 suggest that, while the metal can 
influence the meen vide of the rate constant associated 
with oxidation of the porphyrin ligand, the nature of the 
axially bound species is relatively unimportant. The data 
is as yet too limited to allow extrapolation of this 
observation, however. 

It had been originally anticipated that some 
correlation might exist betwen the rate constants observed 
and the position of the metal within the porphyrin 
Cavity.  Fe(Clily is’ known “to “Wie the farthest’ out “of ‘the 
plane, Mn(III) takes an intermediate position, and Zn(II) 
lies in the porphyrin plane. No such correlation is 
apparent here. It is hoped that future studies including 
a greater number of metals will provide insight into how 
the metal affects the electron transfer rate for porphyrin 
oxidation. Aside from the position of the metal with 
respect to the porphyrin plane, metal size, 
electronegativity, and d electron configuration might 
prove to be important factors. It is interesting to note 
that Mn(III) is believed to interact directly with the 
porphyrin t-system to some extent, and this may be an 
important factor contributing to the slower electron 
transfer rates observed here for Mn(III) with respect to 


Fe(III) and Zn(II) complexes. 
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CHAPTER 6 


REACTIVITY OF ZINC (II) TETRAPHENYLPORPHYRIN CATIONS 


TOWARD ANIONIC NUCLEOPHILES 


6.1 Introduction 


As noted in Chapter 1, the fifth coordination site in 
Fe(III) and Mn(III) porphyrins may be occupied by any of a 
number of possible anions. In studies of the anodic 
chemistry of these species, it is therefore necessary to 
consider the possibility that these counterions may be 
oxidized directly at the electrode surface, or that they 
may react with products of the porphyrin oxidation. 

Until very recently, it was generally believed that 
porphyrin t-cation radicals were unreactive towards 
nucleophilic addition. This was based on observations 
that Zn(II) and Mg(II) complexes of tetraphenylporphyrin 
cation radicals were indefinitely stable in the presence 
of nucleophilic solvents such as methanol [37,135]. 
Similarly, in an ESR study of halide salts of Zn(II)TPP*’ 


[136] no evidence for halide addition to the oxidized 


porphyrin ring was found. 
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On the other hand, Zn(11)TPP2* Gications have been 
reported [37,135] to react rapidly with nucleophiles such 
aS methanol or water to give the corresponding cationic 
isoporphyrin species. One possible resonance structure of 


Zn(II) tetraphenyl-methoxy-isoporphyrin cation is 


illustrated as the product of reaction 6-l. 


Such reactions with methanol or water appear to be typical 
of dication formation, and have been reported for Fe(III) 
[137] and Mg(II) [135] TPP complexes in addition to the 
zn(IIl) case.) .The reaction of the dication of TPPH, with 
water has been observed in this laboratory by cyclic 
voltammetry. 

Figure 4la illustrates the cyclic voltammetry of 
TPPH> at a Pt electrode in anhydrous dichloromethane. The 
peaks labelled I and II correspond respectively to 
formation and reduction of the Gaeiian radical, while III 


and IV are due to formation and reduction of the 
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Figure 41. Cyclic voltammetry of 1 mM TPPH, in 


CH,C1,(.1 M TBAP), » = 300 mV/s; (a) anhydrous conditions; 
(b) after addition of 20 wL H,0. 
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dication. For both of the redox couples, the 
corresponding ratio of the anodic to cathodic peak 


currents, is equal to unity, within 


tn,a/tp,cr 
experimental error, indicating that both the cation 
radical and dication are formed reversibly. In the 
presence of H20, reversible formation of the cation 
radical is still observed, providing the potential is kept 
at values cathodic of those where the dication is 

formed. When the potential is increased to values past 
the peak current for dication formation, the cathodic peak 
currents, IV and II, observed during the reverse sweep are 
reduced relative to their values in the absence of water, 
clearly indicating reaction between the dication and 
water. In addition, a new cathodic peak, V, is evident, 
and represents the reduction of a new species formed by 
the water-dication reaction. By analogy to known 
reactions such as 6-1, this species is assumed to be the 
hydroxyisoporphyrin cation. 

Evans and co-workers [138] have reported that the 
reaction of metalloporphyrins with T1(CF3C0O7)3 leads to 
the formation of trifluorocetoxyisoporphyrin cations. The 
initial step was ascribed to metalloporphyrin t-cation 
radical formation by TI(III) oxidation. After that, the 
course of the reaction was less certain, and two feasible 


reaction paths were proposed, as in Figure 42. The first, 
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pathway A, involves reaction between the dication and 
trifluoroacetate ion, and is in accordance with earlier 
observations of the stability of cation radicals in the 
presence of nucleophiles. The second, pathway B, invokes 
reaction between trifluoroacetate and a t-cation radical, 
followed by subsequent oxidation to the isoporphyrin 
cation. 

Evans et al. favoured pathway B on the basis of more 
recent reports that isolated metalloporphyrin t-cation 
radicals did indeed lead to isoporphyrin formation in the 
presence of neutral nucleophiles such as pyridine 
[139,140] or imidazole [141], or anionic species such as 
nitrite [142], thiocyanate, cyanide, or chloride [143]. 

Kadish et al. have recently examined the stability 
ZMCPD IPP (cation radicals meu eanararcations (139) in the 
presence of nucleophiles such as pyridine by voltammetric 
methods, and were able to find evidence for isoporphyrin 
formation only after the dication had been produced, in 
spite of reports by others [140,144] of the reaction 
between pyridine and the cation radical. 

Voltammetric methodology has been applied here to 
determine the stability of Zn(II)TPP cation radicals in 
the presence of the anionic nucleophiles CF3COj and 
CH3CO7 - The study was undertaken in hopes of clarifying 


certain anomolous behaviour observed in the anodic 
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voltammetry of (CF3CO7)Mn(III)TPP and 

(CH[CO,)Mn(11i)TPP. ~The relevance to the manganese 
porphyrins will become obvious in Chapter 7. In addition, 
such studies are biologically relevant, as isoporphyrins 
are believed to be intermediates in the formation of the 
bile pigments from iron porphyrins. Zn(II)TPP was chosen 
because the possibility of an electron transfer involving 
the metal is highly unlikely, and because the literature 
contains a great deal of spectroscopic data for this 


complex and its oxidized forms. 


6.2 Results and Discussion 


Figure 43a illustrates the cyclic voltammetry 
observed at anodic potentials at a Pt electrode in a 
solution of Zn(1P)TPP in CoH,Cl> (0.72 MF TBAB)... fhe 
voltammetric waves have previously been characterized 
[37,139] as representing the reversible redox couples 
ZntIl)TPP/2Zn(11)TPPr, peaks Hand IY, and 
Zn(I1)TPP+*/zn(I1)TPP2*, peaks III and IV. 

When small quantities of tetramethylammonium 
trifluoroacetate (TMATFA) are added to the solution, a new 
anodic peak, V, begins to appear at a potential slightly 
less positive than that corresponding to production of the 
cation radical, Zn(I1)TPPt*. (Because of the limited 


solubility of TMATFA in dichloroethane, this was added as 
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Figure 43. Cyclic voltammetry of .8 mM Zn(II)TPP in 


CoH),C1,(.2 M TBAP), »= 100 mV/s; (a) no TMATFA added; 
(bd) .5 mM in TMATFA. 
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uL injections of a 0.2 M solution 
cathodic peak, VI, coupled to the 
peak V, is also observed. As the 
is increased, peaks V and VI grow 
I and II disappear. These change 
ratio of the concentration of tri 
the zinc porphyrin complex is uni 
the voltammetric changes are due 

complex between trifluoroacetate 

coordinate complexes LZn(II)TPP, 


base such as pyridine [70], or a 


in nitromethane.) A new 
oxidation represented by 
concentration of TMATFA 
in intensity while peaks 
Ss are complete when the 
fluoroacetate to that of 
ty. This suggests that 
to ithe-piormatwon cof} a 1:1 
ton yand *2n( I) TPP. ehkive- 
where L is a nitrogenous 


halide ion [136], have 


previously been reported. Peaks V and VI are thus 


ascribed to the one-electron oxid 


reduction of the anionic complex 


in reaction 6-2. 


V 


DOTR AZ CRU ERE |ios~ il es gas aeaee 


VI 


(TPAS="Cr3CO>) ) 


ation and corresponding 


[nGGi5 C051) 2n( ER) TPP, as 


[((TPA)Zn(1I1L)TPP+*}]9 (6-2) 


Tt is interesting to.note that. the cycive 


voltammetric peak separation associated with formation and 


reduction of the cation radical in the absence of 


trifluoroacetate ion (AE, = = /OemvV rat ve = too, mVs Ss) rs 
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considerably less than that observed when an excess of 
trifluoroacetate is present (AE, =/105 mV at v-= 100 
mV/s). This indicates that the apparent rate constant, 


k associated with cation radical formation is slower for 


s! 
the 5-coordinate trifluoroacetate complex than for the 
corresponding 4-coordinate species, Zn(II)TPP. Similar 
observations have been reported by Kadish et al. [70] for 
5-coordinate complexes between Zn(II)TPP and various 
nitrogenous bases. It is not clear whether or not this is 
due to structural changes of the porphyrin imposed by 
axial ligation. Adsorption of the additional ligand onto 
the electrode surface might also explain these results. 

The ratio of the peak current for formation of the 
cation radical to that for the corresponding reduction is 
equal to unity even at sweep rates as low as 10 mV/s and 
when a large excess of trifluoroacetate ion is present. 
The cation radical is thus stable with respect to reaction 
with trifluoroacetate, at least under the conditions used 
here and on the time scale of the cyclic voltammetric 
experiment. 

Figure 44 illustrates the cyclic voltammetric 
behaviour observed in the presence of excess 
trifluoroacetate when the potential is swept to more 
anodic values before reversing the direction of the 


sweep. When the potential sweep direction is reversed 
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Cyclic voltammetry of .8 mM Zn(II)TPP 


in CoH, C15(.2 M TBAP) containing 1.3 mM TMATFA, 
v= 100 mV/s. 
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after formation of the dication, peak III in Figure 44a, 
the cathodic peak currents corresponding to reduction of 
cation radical and dication Species, are reduced relative 
to the values expected if the dication formed was 

stable. This suggests that a reaction between the 
porphyrin dication and trifluoroacetate ion has occurred 
to give a product which is not electroactive at potentials 
between O and +1.1 volts vs SCE. 

Note that the cathodic peak, V in Figure 44a, occurs 
at a potential more positive than that observed for 
reduction of the cation radical of the 5-coordinate 
species [ (CF 5C05) 2nit Tig EP rs The peak potential, in 
fact, corresponds to that observed for the reduction of 
Zn(Il)TPP** in the absence of trifluoroacetate. The 
reduction of the 4-coordinate cation radical is observed 
even when a 3-fold excess of TMATFA is present, and 
indicates that the dication reacts preferentially with 
coordinated trifluoroacetate. It is also apparent that 
the coordination of trifluoroacetate to the porphyrin is 
kinetically sluggish, as rapid kinetics associated with 
this step would prohibit the observation of any 4- 
coordinate species at the relatively slow potential scan 
rates used here. As the ratio of trifluoroacetate to 
porphyrin concentration is increased, peak V disappears, 


and in the presence of a 6-fold excess of 
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porphyrin concentration is increased, peak V diSappears, 
and in the presence of a 6-fold excess of 
trifluoroacetate, only peak II is observable at potentials 
where cation radical reduction is expected on the reverse 
sweep, at least at scan rates below 500 mV/s. This 
observation is consistent with the assignment of peaks II 
and V to reduction of the 5- and 4-coordinate radical 
cation species, respectively. 

At lower sweep rates, and when the potential scale is 
expanded, an inflection in the rising portion of the wave 
leading to peak III in Figure 44a is observed, indicating 
that this wave is in fact a composite of two processes. 
These are suggested to be the oxidation of the 5- and 4- 
coordinate radical cations, where the 4-coordinate species 
is formed as the result of a homogeneous reaction 
following the formation of the 5-coordinate dication, as 


in reaction 6-3. 
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In order to verify that the reaction between the 
dication and trifluoroacetate results in isoporphyrin 
formation, the Spectral changes associated with the 
oxidative processes were monitored in the thin layer 
spectroelectrochemical cell described in Chapter 2. All 
known isoporphyrins display a strong absorption at ca 875 
nm in the near IR portion of the electronic absorption 
spectrum [3]. This is supposed to arise from interruption 
of the conjugation of the porphyrin t-system concurrent 
with isoporphyrin formation. 

Spectrum 1 in Figure 45 is that observed for 
((CF5CG5) ZnCl E) TEP] betorevthe application of any 
potential to the working electrode. As the potential is 
gradually increased to +0.85 volts vs SCE, spectrum 2 
appears, and well-defined isosbestic points are observed 
at 540 and 558 nm during the preceding scans (not shown in 
the Figure). This spectrum is in excellent agreement with 
those reported by others [37,135] as corresponding to 
Zn(II)TPP cation radicals. The appearance of the 
isosbestic points indicates that no reaction of the cation 
radical with trifluoroacetate ion occurs. As the 
potential is increased to +1.2 volts vs SCE, spectrum 3 is 
obtained. The two-band structure in the near IR is 
typical of isoporphyrin formation, and the spectrum 


appears to be essentially identical to that reported by 
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Figure 45. Spectral changes observed on oxidation of 
44 nmM. Zn( iE) TPP in CoH, C15(.2 M TBAP) containing 
TMATFA (sat'd); (1) before the application of any 
applied potential; (2) 1B Se Ge Wi ite Sela; 
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(3) E app ="1.2 V vs SCE. 
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Evans et al. [138] for the trifluoroacetoxyisoporphyrin 
formedtbynreacttionsof ZnCil)TPPawith *TL(CF3C0>)3. 

When the potential is extended to more cathodic 
values on the reverse sweep of the cyclic voltammogram in 
Figure 44a, a new reduction peak, VI, is observed at ca 
-0.2 volts vs SCE. As this appears only after the 
dication has been formed, this may be ascribed to 
reduction of the isoporphyrin. The position of this peak 
is highly dependent on the potential scan rate, shifting 
more cathodically with increasing sweep rates. This is 
consistent with the presence of a homogeneous chemical 
reaction following the electron transfer step [145]. On 
repetitive cycling of the electrode potential between -0.5 
and +1.25 volts, no anodic peak coupled to the reduction 
peak VI is observed at scan rates up to 1.5 V/s. 

The results of the repetitive cycling experiment 
indicate that the reduction process at -0.2 V vs SCE 
results in recovery of the starting material 
[(CF3CO5)Zn(I1)TPP]~. When the potential is scanned 
repetitively between -0.4 and +1.2 V, a steady state value 
for the current at peak I of Figure 44a is attained after 
a few cycles. This is ca 30% greater, at v = 600 mV/s, 
than that observed when the potential on the cathodic 
sweeps is stopped at +0.2 V and held at this value for the 


period of time which would have been required to sweep 
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through to -0.4 V and back again, before continuing with 
the next anodic sweep. This clearly indicates recovery of 
the starting material at the more negative potentials. 

When the potential sweep is extended to more anodic 
values, as in Figure 44b, a new apparently l-electron 
anodic peak, VII, and a corresponding reduction peak, 
VIII, are observed. The relative magnitude of peak VII as 
compared to peaks I and III decreases as the Sweep rate, 
v, increases. This indicates that peak VII represents the 
oxidation of the product of a preceding chemical reaction, 
and may thus be ascribed to l-electron oxidation of the 
isoporphyrin. There appear to be no previous reports of 
isoporphyrin oxidation in the literature. 

That the reaction leading to isoporphyrin formation 
results from the presence of the dication, and not the 
cation radical, is more clearly evidenced in the cyclic 
voltammetry obtained at the Pt thin layer electrode, as 
illustrated in Figure 46. Here, the potential was held 
constant for a few seconds at the end of the anodic sweep, 
to allow time for complete reaction of the dication with 
trifluoroacetate, before reversing the sweep direction. 
Note that no substantial reduction is evident on the 
reverse sweep until the appearance of peak IV at ca -0.1 V 
vs SCE. If, on the other hand, the potential is reversed 


before reaching values resulting in the formation of the 
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dication, then the charge passed in peak I on the forward 
sweep is completely recovered in peak II on the reverse 
sweep. 

It is somewhat perplexing to note that the reduction 
at -0.1 V, peak IV in Figure 46, corresponds to a l- 
electron process. The ratio of the areas of peak I to 
peak IV is unity, as estimated by approximating the peaks 
as triangles, at all sweep rates between 10 and 100 
mV/s. At 10 mV/s, the width of peak IV at half-height is 
110 mV. That this reduction results in recovery of the 
Starting material, as was suggested by the conventional 
cyclic voltammetric results, is substantiated by 
repetitive cycling at the thin layer electrode, as 
illustrated in Figure 47. These are the steady state 
cyclic voltammograms obtained on repetitive cycling 
between -0.5 and +1.05 V (Figure 47a) and between +0.2 and 
+1.05 V (Figure 47b). The substantial increase in the 
anodic peaks corresponding to formation of the cation 
radical and dication in Figure 47a, as compared to those 
in Figure 47b provides clear evidence that the reduction 
process at -0.1-V-results in.recoverf¥ of the starting 
material. 

As the isoporphyrin is formed only after abstraction 
of two electrons from the starting material, it is 


difficult to see how a l-electron reduction could result 
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Figure 47. Steady state thin layer cyclic voltammograms 


for-1 mM ZnGiL) TEP in CoH) Cl. containing TMATFA (sat'd) 
P= 20 mV/s. 
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in the recovery of the original porphyrin. One possible 
route could involve a l-electron reduction of the 
isoporphyrin cation to the corresponding radical, followed 
by elimination of a trifluoroacetoxyl radical, as in 
reactions 6-4 and 6-5. (Axially coordinated CF3CO> — has 


been omitted for simplicity.) 


Sa le. —> (6-4) 


ococr., Ococr., 
tek se + Ococr., (6-5) 
OCOCE, 


The resulting trifluoroacetoxyl radical would then be 
expected to rapidly decompose, perhaps in accordance with 


the well known Kolbe reaction [26], 6-6. 


2(OCOCF3) + 2COz + CF3CF3 (6-6) 


It is hoped that planned studies of the reduction of 

isolated isoporphyrins will clarify the nature of the 

mechanism by which these are reduced back to porphyrins. 
A general scheme summarizing the behaviour observed 


here for Zn(II)TPP in the presence of excess 


203 


} ~f1i i 3 ¥i 
% ws ' 
z aM te 
j 
Ne 
aw 
. 
My 
; ™~ 
ona 
“ 3 
* 
. 1" } 
r) 1 i & 


i) 
. 
~ lion @ 
a 5 2 
Hiveriod 
he pee a 
* 


ex gomntdote-{ s eviovat bLpos etdeg 
IyetTIO ‘9 of nolbias. elaygAgioe 
-e ‘ei 
redeaeuiorlti17 s<lo oolszeniniie ae 
oo. wEie) _2-8° toe $8 sroktoger 
f a J 
ilamle tol-~Dedoinoa ase 
= ate 
eh, 
' y) 
‘ 
ee ; 
) \ 
la as 
q 
™, ak 
4 


it ydivetes {fiw anbxrytqsogeal hetaloat 


* A | +4 : ; : hak i-2 
of : a * 
~< é van’ ts 
iq70y. Lantgivo o12 fo yaevonss ens aie 


bes fysessoaevouliixe paisiuass elt 


: \a 
2 al seqavveq .waomiioet wiSiqeas of betooqrs- 
F 
A-~d,, 12S) oobiosey eGLer nwond lew sary 
ares a + ee ° Le F090) 5 ; 
| | Ss 
‘ 1 7 
igubeo. etd 30 eerheze Oennatg tacdy Haqot ef Bi 


‘ 


beoubes, ete ses jvinw. wi metosdoan 


. 
ot? onbalyveetiya Unewioeg Istensp A 
F 
Bi 


6. esepeig ett a aq? te IDiax 10% eyed 


; } 


204 


trifluoroacetate ion is presented in Figure 48. It should 
be noted that all of the 4-coordinate species in the 
figure can enter into additional coordination equilibria 
with trifluoroacetate, and some of these equilibria have 
been omitted in the scheme. Similarly, reaction to the 
isoporphyrin from the 4-coordinate dication is feasible. 
The trifluoroacetate incorporated into the isoporphyrin is 
shown as arising from the 5-coordinate cation radical. 
Although the voltammetric evidence suggests this is a 
major route, reaction between dicationic porphyrins and 
either solution free or other coordinated forms of 
trifluoroacetate is also dikely to: contribute 

When solutions of (CH3CH,)4N*CH3CO2” in 
dichloroethane were added to Zn(II)TPP solutions in 
CoHygClg (0.2 M TBAP), the qualitative voltammetric 
behaviour observed was identical to that for addition of 
TMATFA/nitromethane solutions. Hence, the same general 
scheme of Figure 48 applies to acetate as well as 
trifluoroacetate. Figure 49 illustrates the conventional 
cyclic voltammetry observed for Zn(II1)TPP in the presence 
of acetate ion. Note that the effect of coordination of 
acetate on the porphyrin voltammetric potentials is 
greater than that of trifluoroacetate. Hence, the various 
voltammetric waves of Figure 49 arising from the oxidation 


of 5 and 4-coordinate species are better resolved than in 
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Figure 48. Scheme illustrating reactions of Zn(II)TPP 
and its oxidized forms in the presence of trifluoroacetate 
jon. The potentials listed were estimated as the mean 

of the forward and reverse peak potentials for reversible 
counts and as the potential at 3/4 of the peak height 


v= 100 mV/s) for irreversible processes. 
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Figure 49. Cyclic voltammetry of 1 mM Zn(II)TPP in 
° ° + = 
CoH) Clo(.2 M TBAP) containing .4 mM (Et,,N) CHCO, : 
p=) 100. mV/sa% 
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previously presented voltammograms obtained in the 
presence of trifluoroacetate. The assignment of the 


various voltammetric peaks of Figure 49 is illustrated in 


Figure 50. 
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CHAPTER 7 


ANODIC VOLTAMMETRY OF MANGANESE [IIT] 


TETRAPHENYLPORPHYRIN COMPLEXES 


As the voltammetric behaviour observed for 
Mn(II1)TPP* complexes at positive potentials with respect 
to SCE is highly dependent on the identity of the 
coordinated counterion, the various complexes studied will 
be discussed according to the type of voltammetric 
behaviour observed. Kelly et al. have shown [35] through 
conductivity measurements that (C104)Mn(III)TPP does not 
ionize in CoHACl oy sand it with therefore be assumed 
throughout the following discussion that each of the 
counterions involved remains coordinated to the manganese 


atom in CoH4Cly and CH9Clo9, except where otherwise noted. 


Pol sVoltammetry “OF xMn (11) Teese x =sC10O,%, CH{07 


Figure 51 illustrates the cyclic voltammetric 
response observed for (C10q4)Mn(III)TPP in CH7Clg (0.15 M 
TBAP). Two reversible cyclic voltammetric waves are 


observed at E1/2 = tLOoovand |,56. V.cvs, SCE. 7eNo other 
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Figure 51. Cyclic voltammetry or 1.1° mM (C10),)Mn(III)TPP 


in CH,C1,(0.15 M TBAP); scan ratet= 100 mV/s. 
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voltammetric peaks are observed at potentials of up to 2.0 
V. The peak separations observed for the two pairs of 
voltammetric peaks were in the range of 70 to 90 mV at 
scan rates below 300 mV/s, indicating that both processes 
involve l-electron charge transfers. 

Figure 52 illustrates the spectral changes observed 
in the thin layer spectroelectrochemical cell as the 
potential of the working electrode was sequentially 
stepped through the first anodic wave. Note the presence 
of several isosbestic points, indicating that only a 
Single, stable product results from the oxidation. The 
decrease in intensity and broadening of the absorbance in 
the Soret region of the spectrum is consistent with the 
formation Of a*catuon radical... The structure of the 
absorbance in the 500 to 700 nm region after complete 
electrolysis at 1.35 V is very reminiscent of that 
ebserved on l-electron oxidation of Zn(EL)TPP. The first 
oxidation of (C104)Mn(III)TPP may thus be ascribed to 
oxidation of the porphyrin ligand. 

Attempts to observe reproducible spectral changes at 
potentials corresponding to the second oxidation have been 
unsuccessful. Isosbestic points were not observed, 
indicating that while the second oxidation product is 
apparently stable on the cyclic voltammetric time scale, 


it is not stable over the 3 to 10 minute time period 
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Figure 52. Spectral changes observed on 1-electron 
oxidation. of Ca (0.2 aml (C10),)Mn(III)TPP in CH,Cl. 
(0.2 M TBAP); final potential is 1.35 V vs SCE. 
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required here for spectral observation. If water is 
intentionally added to the electrolyte solution, then the 
spectral changes indicated in Figure 53 are observed. The 
two band structure in the near IR region of the spectrum 
indicates the formation of an isoporphyrin. The cyclic 
voltammetry observed on addition of water, or methanol, 
Figure 54, is similar to that presented in Chapter 5 for 
TEPH> sin {theipresence or H50. The second wave becomes 
irreversible, and a new cathodic peak at less positive 
potentials is observed on the reverse sweep. These 
observations suggest that the second l-electron oxidation 
Ofe (C10, Mn ( LeTYTPP resultsmim the formation of a 
porphyrin dication, which may react further with water or 
methanol to yield the corresponding isoporphyrin. 

The potential separation between the two oxidations 
is 0.37 V. This is consistent with the value of 0.3 + 0.1 
V noted in Chapter 1 to be typical of sequential removal 
of two electrons from the porphyrin ligand. On the basis 
of this observation, in conjunction with the spectral 
data, the two oxidations of (C104)Mn(III)TPP are ascribed 
to sequential formation of a porphyrin t-cation radical 
and t-dication. 

Figure 55 illustrates the cyclic voltammetric 
response observed for (CH30)Mn(III)TPP in CHjClp- Here, 


as with the perchlorate complex, two reversible l-electron 
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Figure . Spectral changes observed on oxidation cf 


ca 0.9 mM (C10), )Mn(III)TPP in wet CH,Cl, containing 
(Oi2) MO TRAP) 2 { H)enoeapplired potentials. (2) E app = 
25 V Vs SCEse.G3) app = 165° VSMC. 


214 


23 
. 0 Wether e+ 
} te AS heya 
it fi aaa a at 
; ; Ta 
i op a | 7 ‘ 
¥ ¢, sae - j 
fe hy Af ‘an Wf 
Pl ' ie uit i 
} Vane Py 
; i ih ra 
‘ - i - 
| ; Thi Nilo, de 
' ih f 
{ y 
Dil 
MA de® : 
ye 
i wi 


ny ae ak eae, 


ao a 


oe ive siabitien cts a 
a meaeosine gldgh? fie 


arr jet yoko) ” es ee 
* veg) Te 


bahiggn ve GC) 1(SAET y 
s al oll (%) 180% av v eset 
1 : + pie af a > + , » _" 


A cs } 1) j 
« , ie 4 


) s inh ma »@ ae - ra : i) 
Cvya aa ; a. im 4 nin se 


; yy ae wy pat ; oa — 5 
sy i \ - ae 7 7 f 
; ee vale fi poe ay ) : i 7 2 ait iz : 
oe y , | eas - | 


) om ait! ‘ ’ +] 
! j L i n ite Le 
a 5 iy } ) a ; r abi oa 7 i iv; a ; 


Oks : a — ; ri mi » 
Mt T ae cael os Da, Th) 
. ad : : f ; i 
7 a 1 


215 


[ioua 


Current 


5 1.0 15 
Volts vs" See 


Figure 54. Cyclic voltammetry of 1.1 mM (C10),)Mn(III)TPP 


1 ‘ TBAP) containing ca 3 mM MeOH; scan 
in CH,C1,(0.15 M ) 


rate = 100 mV/s. 
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Figure 55. 


in CH,C1l.( 


| 10 MA 


5 1-0 1.5 
Volts vs SCE 


Cyclic voltammetry of 1.4 mM (CH,0)Mn(IIT)TPP 
Owt5 MO TBAP) scan rate = 100 mV/>o. 
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oxidations are indicated. The associated voltammetric 
half wave potentials are at ea uaa lel? andre 56 6Vevs 
SCE. No further anodic waves are observed at potentials 
up to 2.0 V. The potential separation of 0.37 V between 
the two voltammetric processes is again in agreement with 
the value expected for sequential oxidation of the 
porphyrin ligand. In addition, the similarity of the 
potentials to those observed for the oxidation of 
(C10, )Mn(III)TPP suggests that the successive charge 
transfers lead to essentially the same products for both 
the perchlorate and methoxide complexes. Hence, the two 
Oxidations (of) (CHzO)MuGhET TPP are assigned to removal of 
electrons from the porphyrin ligand. 

The small currents at potentials below 1.0 V observed 
in the cyclic voltammetry of the methoxide complex are 
likely due to the presence of impurities. As was noted in 


Chapter 2, the purity of the methoxide complex is suspect. 


7.2 Voltammetry of XMn(III)TPP; X = C1”, CF3CO2_ 


Figure 56 comprises three cyclic voltammograms of 
CIMn GILT) TPP An CH»C15 (0.15 M TBAP) obtained with 
different switching potentials. In contrast to the 
behaviour observed for the methoxide and perchlorate 


complexes, three well defined anodic waves are evident at 
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Figure 56. Cyclic voltammetry of 1.5 mM CIMnCDLL Tee 
in CH,C1,(0.15 M TBAP); scan rate = 300 mV/s. 
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potentials between 0 and 2.0 V vs SCE. It is clear that 
the very different voltammetry observed arises from the 
presence of the Cl counterion. The qualitative features 
Cefs thei voltammetry votethe chloride complexhan CH>Cl> or 
C5HagCly are unchanged when nitromethane or nitrobenzene 
are used as the solvent, indicating no direct solvent 
participation in the reactions underlying the voltammetric 
response. 

The first oxidation process of the chloride complex 
eecursratek 75 = 1.14 V vs SCE in methylene chloride or 
dichloroethane containing TBAP as supporting electrolyte, 
but lies at ca 30 mV less positive in nitromethane or 
nitrobenzene TBAP solutions. This is likely due to the 
different liquid junction potentials associated with the 
use of different solvents. 

Provided that the potential of the working electrode 
is kept at values less positive than that corresponding to 
the second oxidation of CIMn(III)TPP, then the ratio of 
the cyclic voltammetric peak currents, in,a/1p,c 
associated with the first redox process is equal to unity 
at sweep rates between 20 mV/s and 1.0 V/s, indicating 
reversibility of the first oxidation. The peak 
separations observed in this range of sweep rates are 
between 70 and 90 mV/s, indicating a l-electron transfer. 


When the potential on the forward sweep is extended 
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past the second anodic peak, as in Figure 56b then the 
cathodic peaks coupled to the first two anodic peaks are 
reduced relative to the values expected if the second 
oxidation was reversible. In addition, a new cathodic 
peak at ca 0.4 V vs SCE is observed on the reverse 

sweep. The position of this peak is highly dependent on 
the sweep rate, shifting cathodically as the sweep rate is 
increased. On repetitive cycling, no anodic peak 
corresponding to the cathodic peak at 0.4 V is observed at 
Sweep rates up to 1.0 V/s. 

The repetitive cycling experiment also indicates that 
the new reduction process results in the recovery of 
Starting material, or at least a product which oxidizes at 
Similar potentials to the starting material. The steady 
state peak current associated with the first oxidation is 
30 to 40 percent greater when the repetitive cycle 
includes the cathodic peak at 0.4 V than when the sweep 
direction on the cathodic scan is reversed before this 
reduction peak is reached. 

As the potential on the forward scan is increased to 
still more anodic values, as in Figure 56c, a new at least 
partially reversible redox process is observed at Ei /2 ~ 
1.8 V vs SCE. The third anodic peak increases relative to 
the first two anodic peaks as the sweep rate decreases, 


indicating that it results from the oxidation of a product 
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of a preceding homogeneous chemical reaction. 

The qualitative features of the cyclic voltammetry of 
C1Mn(III)TPP are essentially identical to those discussed 
in Chapter 6 for the oxidation of Zn(II)TPP in the 
presence of the nucleophilic anions CF3COj and CH3CO2 . 
This strongly suggests that isoporphyrin formation is 
involved. In this case the only nucleophile present is 
axially ligated chloride ion. The scheme proposed to 
explain the observed voltammetry is illustrated in Figure 
57. The presence of the perchlorate anion in this scheme 
arises from the supporting electrolyte. 

According to the scheme of Figure 57, the second 
anodic wave in the cyclic voltammetry of C1Mn(III)TPP must 
in fact represent a composite of two processes: the 
direct oxidation of C1Mn(III)TPP** and the oxidation of 
(C104 )Mn)LII)TPPT” formed as a result of the homogeneous 
chemistry indicated in the figure. No evidence that this 
is the case was observed in the voltammetric 
experiments. No inflection in either the rising or 
falling portions of the second anodic voltammetric peak 
was observed at potential sweep rates as low as 20 mV/s. 
However, the half-wave potential for the second oxidation 
process, estimated as the potential at 3/4 of the peak 
height at v = 7100 mV/s, is 1.51 V vs SCE. The close 


proximity ~of“this potential to the value of 1.56 V vs SCE 
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for the half wave potential associated with the second 
oxidation of the perchlorate complex would make these two 
processes very difficult to resolve. It should also be 
noted that the dication of the perchlorate complex could 
also undergo reaction with axially coordinated chloride 
ion to form an isoporphyrin, although this possibility has 
been neglected in the scheme of Figure 57. The presence 
of such a following chemical reaction would shift the 
second oxidation of the perchlorate complex to more 
cathodic potentials. This would make the resolution of 
the second oxidation of the chloride and perchlorate 
complexes even more difficult. In fact, when 
(C1lO,)Mn(III)TPP was added to solutions of C1Mn(III)TPP, 
no indication that the second anodic peak was a composite 
of two processes was observed. 

Some indication that the perchlorate complex is 
indeed formed as a result of the removal of two electrons 
from CIMn(III)TPP is observed in the cyclic ac voltammetry 
of. the latter “species, illustrated in Figure 58. If the 
dc potential scan direction on the anodic sweep is 
reversed before reaching potentials where the second 
oxidation occurs, then the peak current on the reverse 
sweep is equal to that of the forward sweep, as in Figure 
58a, indicating that no following homogeneous reactions 


are associated with the first oxidation. When the anodic 


223 


bnoowe ary “die bedi : 


rf \ aa, = ai pir 7 eee 
owt egodd idem Lup Ante princi avaeg belaalear 
of. ofla biuode 98 hia ‘oo TyoR NB yRey 


a? a iy" ‘4 i il ae ae, 


blues xefqaos ssnz0daaey eit: to nokdeat® on dna B 


Ea : v a 
ytaolits ‘bedentbaewee: vitetxe i¢iw pebtobox < nia 
ira grnas fone 
vad ysilidlesog altt?, Apmmaits mixydgaoqost ae 23 di 
1 - pc eee “4 


ennszetg oT .°e gtuphy Ie ainndce: oad: ue pedowee 1 a 


ai) 
on 
_ 


ott Jtide blyow sobwoans kedbtuader go twettaa 6. : - * 


syom oF xeloias ” $tnrdhdersd std) 90 notssbtko B 


age - 


19 AelduLoney afd joel tivew eidt «316i4tnesoq of al 
PISTOL AS my hw. we dik an?’ to nadsabsxo ae 
‘yyw. , BE ak ethaah rte oom ‘ove voxel - 

G40 ( Pat oe te shit sude8 me) Peine | aoe peta 
vi lepgnen & Baw Abe sibgas browse ons font no bteo’ sa 


le 
= ' ie 


wy ae 7 Bewngasi ean e968e0071q ovk 

xo L gman _panretdang ahd $add pol seotbot emod” a 

canvinete owe fo Lavoads ita $a thueers ay heeio} hie 

iamead ley op vitouy eat wothaeseteio ie gn : 
et Sf ht! ona ene risa La ‘eodzeqe ‘ae #2n6 ont 30, 

. mi qonws 2ibeone on sb ot ions nbos fotsnesog a 


bresme of vs atetanedod Qrtaoess' bieeda) x0 “ 


Ai - 


aerowss od om Jeereiye 08g ort tert t ,aryope, nol 
1989 #f eo .gaeum ‘biased, pals al snd oF isupe ab a | 
enol ones BuO SMELOHON eniwol ler at, sata’ qutdeotbat ke i 


ie a i 


sthoes: e7. nate -not seb tam nant: sil dake iar a ia 
; af ent Ra iy f H aa f 
0 iy) ails ; te Wa a 
q . & - _ q #3 a a chy i 
; : nae ee ay zs - - 


224 


, ¢190S.84 A O=TeT Uegod BuTqzeys tau G = EV $S/Au OOT =a I7H OOH = F2Z/0 
‘(qvab W T°O)°ONSHO UT ddL(III)UNTO Ww T Fo Aajzouurez TOA oF otToxo aseyd-url *gS es 


356 SNSIICA fe =a 


ope Sele es ae eS 
ees) 


-—_—_—_—_—_—_—“-1 


Me 7 wUOdIND 


of 


aa 


ree 
aay? 
a 
"1 
er 
7 
; tw 
; ih 
4 
Ls 
| 
is 
fans | : 
Lal _ 
‘ ~« 
a. 3 
5. bs 
av 
+ 
‘ rie 
oF 
aa 
r. ba 
Tas 
t 
A 4 
rh a 
+ ia 
ip Rh 
x: 
“i es 
a © 
of 
ij a 
{a 
pr 
oe 
ar 
a unt 
£ 
<a ‘) 
- ad 
w) 
7 
Gy @ 
re & 
i : 
J 
me a 
oe 
> ry 
y 


an 


te 


a a om 


i 


i (dieee eine Te 1" 
SE ie. asalinaames aid eae WL ile + + 


rh i Bi af io Pe vy i 
- i ; 


Vs : 


oe 


: lay 


pre ; 
. * — Sides 
iy = 


boned aes 
. 


im" ge 


225 


sweep is extended past the second oxidation process, the 
ac voltammetric peak obtained on the reverse sweep at 
potentials corresponding to the first anodic wave exhibits 
a shoulder, indicated by the arrow in Figure 58b. The 
shoulder occurs at more positive potentials than the 
reverse peak obtained if the dc potential sweep is 
reversed before the second oxidation. As the potential 
for the first oxidation of the perchlorate complex lies at 
more poSitive potentials than that for the chloride 
complex, this is consistent with the formation of the 
perchlorate complex as indicated in Figure 57. 

The reduced intensity of the ac voltammetric peak 
currents corresponding to removal and recapture of the 
second electron from the chloride complex, as compared to 
those associated with the first redox process, provides a 
clearer illustration of the irreversible nature of the 
second oxidation of this complex than does the 
conventional cyclic voltammetry. The at least partially 
reversible nature of the third oxidation process is also 
more clearly evident in the cyclic ac voltammetry, as in 
Figure 58c. 

Im ‘order tovwverity that isoporphyrin formation 
results from the removal of two electrons from the 
chloride complex, the near IR spectral changes occurring 


on oxidation of this complex were investigated with the 
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thin layer optical cell described in Chapter 2. At 
potentials corresponding to the removal of one electron 
from the complex, spectrum 2 of Figure 59 is obtained. 
The broadening of the absorbances in the 500 to 700 nm 
region of the spectrum is consistent with the assignment 
Oreuncwrirst |l-electvon, oxidation of CIMn(1III)TPP to 
abstraction of an electron from the porphyrin ligand. At 
potentials where two electrons are removed, spectrum 3 is 
obtained. The structure in the spectrum between 800 and 
1000 nm is clearly consistent with the formation of an 


isoporphyrin. It should be noted, however, that the 


extent to which trace quantities of water might contribute 


to isoporphyrin formation during the longer time scales 
associated with this type of spectroelectrochemical 
experiment is difficult to assess. In support of the 
postulate that the isoporphyrin formed arises from the 
presence of axially bound chloride, and not trace 
impurity, it is noted that the spectral changes 
illustrated in Figure 59 are highly reproducible. 

The cyclic voltammetric behaviour observed for 
C1iMn(III)TPP is in sharp contrast to that illustrated in 
Figure “60 rior "Cl Pecrrry1eP. "In the: ratter’ case, two 
reversible oxidations are observed. As noted in Chapter 
1, the first one electron oxidation of ClFe(III)TPP has 


been ascribed to formation of a t-cation radical. The 
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Figure 59. Spectral changes observed on oxidation 
of ca O07 O-mMeCINaC II) TEP sin CoH) C1l5(.2 M TBAP): 
(1) no applied potential; (2) Epp =i hove ST OUr 
(3) Epp Salen i hige Sapo 
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Figure 60. 
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Cyclic voltammetry of 1.5 mM ClFe(III)TPP 


in CH,C1,(0.1 M TBAP) ; scan rate = 400 mV/s. 
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potential separation of 0.3 V between the first two 
oxidations of this complex is consistent with removal of 
the second electron from the porphyrin ligand. Felton has 
shown [137] that removal of two electrons from this 
complex in CH5Cl»y leads to the formation of the 
methoxyisoporphyrin when methanol is present. This also 
suggests that the initial product of the second oxidation 
isa vr-dication:. 

It may appear somewhat Surprising that the 
tetraphenylporphyrin dication may react with chloride ion 
bound to a Mn(III) porphyrin complex to form the 
corresponding chloroisoporphyrin, but not with chloride 
bound to Fe(III). It was noted in Chapter 1, however, 
that X-ray diffraction data indicate that the axial 
bonding interaction in Fe(III) porphyrins is stronger than 
that in the corresponding Mn(III) complexes. The extra 
energy associated with removal of an axial chloride from 
the Fe(III) porphyrin, as compared to that for the 
analogous Mn(III) complex, might account for the apparent 
stability ‘of the ClFe(III)TPP w-dication. Similarly, the 
extra steric interaction between axial chloride and the 
porphyrin nitrogens in C1Mn(III)TPP, as compared to 
C1lFe(III)TPP, may contribute to the lability ofthe 
chloride ion in the former complex. 


Steric interactions are probably also responsible for 
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the apparent stability of the methoxide ion toward 
electrophilic attack by porphyrin t-dications in the 
complex (CH30)Mn(III)TPP. The oxygen atom in the 
coordinated meenouae ion is shielded above and below from 
close approach of an electrophile by the methyl and 
manganese porphyrin moieties of the complex. 

Figure 61 illustrates the cyclic voltammetric 
behaviour observed) for ACF 3CO> )Mn (LIT) TPP, in) CHo>Cl5 (0.2, M 
TBAP). In this case, four anodic peaks are observed in 
the range Oto 2.0 V vs SCE, asvin. Figure 61a.i The halt 
wave potential of the first redox couple encountered on 
the anodic scaneis"!lI.17 V vs SCE! This\/value is 
consistent with those observed for the production of 
Mn(III) porphyrin t-cation radicals of the previously 
discussed complexes. The half wave potential for the 
second oxidation process, peak III in Figure 61, is ca 
1.47 V as estimated as the potential at 75% of the peak 
current at v = 100 mV/s. This is consistent with an 
assignment of peak III to porphyrin t-dication formation. 

The mean of the potentials of peaks V and VI of 
Figure 6la is 1.58°V vs SCE. This js in excellent 
agreement with the value of 1.56 V reported in section 7.1 
for the half wave potential associated with formation of 
the m-dication of the perchlorate complex. The presence 


of the perchlorate complex can be assumed to arise through 
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Figure 61. Cyclic voltammetry of 1.3 mM 


(CF.,CO,)Mn(III)TPP in CH,C1,(0.2 M TBAP); scan 
rate = 200 mV/s. 
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of the perchlorate complex can be assumed to arise through 
removal of axially coordinated trifluoroacetate ion during 
formation of a trifluoroacetoxyisoporphyrin complex in a 
reaction scheme identical to that presented in Figure 57 
for formation of the chloroisoporphyrin. 

The assignment of peaks III and V to oxidation of the 
trifluoroacetate and perchlorate cation radical complexes, 
respectively, is substantiated by the cyclic voltammogram 
obtained for (CF3CO,)Mn(III)TPP when a small quantity of 
trifluoroacetic acid is present in solution. Under these 
conditions peak V disappears while peak III grows 
proportionately. In this case, the porphyrin n-dication 
May react with CF3CO,H, as in reaction 7-1, rather than 
with axially coordinated trifluoroacetate, and formation 
of a perchlorate complex in the overall reaction scheme 


need not be invoked. 


OCOCF, OCOCF, 
u Cee 
Mn Cr GOH Mn (7-1) 
OCOCF, 


Further indication that isoporphyrin formation is 
involved in the anodic voltammetry of (CF3COj)Mn(III)TPP 


is provided by the appearance of the two voltammetric 
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and of the cathodic peak IX. Such peaks appear in the 
voltammetry of CIMn(III)TPP, and of Zn(II)TPP in the 
presence of CF3CO5 or CH3CO> , and appear to be very 
characteristic of isoporphyrin formation. The spectral 
changes observed in the thin layer spectroelectrochemical 
cell upon successive 1 electron oxidations of 
(CF3CO>)Mn(III)TPP, spectra 2 and 3, respectively, of 
Figure 62, are clearly consistent with the formation of a 
TM-cation radical, followed by the appearance of an 
isoporphyrin at more anodic potentials. The voltammetric 
behaviour of (CF3CO )Mn(III)TPP may be explained by a 
scheme identical to that presented in Figure 57 for the 
chloride complex, where chloride is replaced by 
trifluoroacetate and the potentials associated with the 
various redox processes are modified according to the 


discussion just presented. 


7.3 Voltammetuy jot y(CH.CO5JMn (iit) TPP 


The cyclic voltammetry of (CH3COj)Mn(III)TPP in 
CH5C1lo (0.15 M TBAP) is illustrated in Figure 63. The 
voltammetric behaviour observed here is very different 
than that of the previously discussed Mn(III) porphyrin 
complexes. In particular, the first oxidation process at 


ca 1,19 V vs SCE, as in Figure 63a, is irreversible. A 
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Figure 62. Spectral changes observed on successive 
1-electron oxidation of ca 0.8 mM (CF.,CO,)Mn(III)TPF 
in CH,C1,(0-2 M TBAP): (1) no applied potential; 


Ze = eee = 1.6 V vs SCE. 
(2) Esp Vi (3) Ennp s 
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Figure 63. Cyclic voltammetry of 1.5 mM 


(CH,CO,)Mn(III)TPP in CH,C1,(0.15 M TBAPD; scan 
rate = 300 mV/s. 
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small anodic prewave is observed on the forward sweep, and 
a new cathodic peak is observed on the reverse sweep at 
potentials of ca 0.4 V vs SCE. The prewave remained 
unchanged when the Bapetecesode was replaced with a glassy 
carbon working electrode. This suggests that it is not 
due to adsorption phenomena. The irreversible cathodic 
process at ca 0.4 V is reminiscent of the reduction of 
isoporphyrins formed upon oxidation of the previously 
discussed Mn(III) porphyrin complexes. The formation of 
an isoporphyrin at the low potentials applied here is not 
consistent with the previously discussed cases, however. 
When the potential on the forward sweep is extended 
to more anodic values, as in Figure 63b, then a second 
apparently reversible redox couple at E172 =LhV5S tVcvseSes 
is observable. This value is very similar to that 
observed for the formation and corresponding reduction of 
the m-dication of (C1l0,4)Mn(III)TPP. The peak currents 
associated with this redox couple are greatly reduced 
relative to the peak current observed for the first 
oxidative process. If the potential on the forward scan 
is extended to still greater values, a third pair of 
voltammetric peaks with an associated E1/2 value of ca 1.8 
V vs SCE is evident. This is again reminiscent of the 
behaviour observed in previously discussed cases where 


isoporphyrin formation was involved. 
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The cyclic voltammetric behaviour observed in 
nitrobenzene (0.1 M TBAP) is essentially identical to that 
observed in CHjCl5. Close inspection of the first anodic 
process, however, reveals two inflection points on the 
rising portion of the first voltammetric wave, as may be 
apparent in Figure 64a. On repeated cycling between 0.57 
and +1.73 V vs SCE, so as to exclude the cathodic peak at 
ca 0.45 V, two apparently reversible redox processes are 
observed, as in Figure 64b. The associated half wave 
potentials of 1.14 and 1.47 V vs SCE corresponds to those 
determined in a Separate experiment for the first two 
oxidations of (C104)Mn(III)TPP in this solvent. 

The cyclic voltammetric behaviour at low sweep rates 
obtained at the Pt thin layer electrode displays two well- 
defined anodic peaks at potentials corresponding to the 
first composite anodic process observed in the 
conventional cyclic voltammetric experiment. This 
behaviour is observed when either dichloroethane, 
Gichloromethane, or nitrobenzene is used as solvent, and 
is illustrated for the former solvent in Figure 65. The 
cathodic peak at ca 0.6 V is associated with the anodic 
peak ‘at’ 1.1, Vo. The’ first! anodic’ process is\followed by an 
apparently completely reversible process with an E1/2 
value of 1.19 V vs SCE, estimated as the mean of the 


forward and reverse peak potentials. This value is 
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Figure 64. Cyclic voltammetry of 2 m™ 
(CH CO,)Mn(III)TPP in CgH.NOp(0.2 M TBAP); scan 
rate = 150 mV/s. 


= 


| 


Y ‘Vii Soa 
iy : ed ») ibys 
7 er APA LF 
i SD ei F 
i 1 ‘ 
hE ¢, i] v0 ay rien ny , 
i | ts 7 } u a 
ii Dee iain 
j ‘i 5 a oe 
i : i rf 


i Hin Ne ao 


Ai i ae 


en ne vy 
ie yi . 8 


Ny 


bas NV a rae a i Me i oy : il 
are ad ’ wipes 
Hi is oe = 
; pag WE “ha ain, 


259 


‘s/ju § = 04Ba ueos #(dyab W 2°0)°TO"H%O ut 
dd (II1) uw (200%H9) WU t'T go Aaqouweqqtoa ofTofLo seseT UTUL °Gg eanstd 


ADS SA StTlOA 
ai Ov Q 9: 


1UdIIND 


* 


i ‘aa i 
ue ne i 


‘ rif : 
reed 


ae i 
a oS 


ie 


a 


identical to the half wave potential observed by 
conventional or ac cyclic voltammetry for the first 
oxidation of (Cl04)Mn(III)TPP in this solvent. When the 
thin layer volume was calibrated according to the charge 
required to carry out l-electron oxidation of either 
(CIO_Z) Mn (Ilil)TPP or (IRPH5, then subsequent 
chronocoulometry or potential scanning coulometry 
experiments indicated that the anodic processes 
illustrated in Figure 65 result in the removal of 1.5 
electrons per molecule Ger) (CH{CO>)Mn(III)TPP. 

One possible mechanism which might account for both 
the conventional and thin layer cyclic voltammetric 
results is illustrated in Figure 66. The overall reaction 
scheme associated with the first composite anodic process 


is asi in reaction 7-2: 


OcCOcH, OCOCH, C10, 
| oF +e 
2 Mn = Sie) =a Mn + Mn (7-2) 
ClO, OCOCH, 


A scheme such as this accounts for the 1.5 electrons 
removed per porphyrin during the first composite 
oxidation. The generation of (C104)Mn(III)TPP accounts 


for the reversible couple observed in the thin layer 
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Figure 66. One possible scheme for reactivity of 
(CH,CO,)Mn(III)TPP and oxidized forms. 
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voltammetry of Figure 65, and for the reversible behaviour 
observed on repetitive cycling in the conventional cyclic 
voltammogram of Figure 64b. The mechanism of Figure 66 
suggests that three different species undergo l-electron 
oxidation during the first composite anodic process, 
accounting for the inflection points observed in the 
voltammogram of Figure 64a. Oxidation and reduction of 
the isoporphyrin generated according to this scheme could 
account for theipeaks atyca 1.8 and 0.4 V in the cyclic 
voltammogram of Figure 63c. 

The spectral changes observed on oxidation of 
(CH3COo)Mn(III)TPP in the thin layer spectroelectro- 
chemical cell are consistent with the formation of the 
products of reaction 7-2. When the potential of the 
working electrode is held at 0.95 V vs SCE, where, 
according to the thin layer volammetry, the irreversible 
oxidations of the first composite anodic process should 
occur but oxidation of (C104)Mn(III)TPP should not, then 
spectrum 2 of Figure 67 is obtained. The intense band at 
389 nm corresponds precisely to the wavelength of maximum 
absorbance for (C104)Mn(III)TPP. When the potential is 
increasedi'to 1].3.Vievs SCE,irspectuumad (of? Fagure 68 is 
observed. In the 500 to 700 nm region, this resembles the 
spectrum presented in section 7.1 for the m-cation radical 


of (ClO4)Mn(III)TPP. At wavelengths in the 800 to 1000 nm 
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Figure 67. Spectra obtained for ca 0.2 mM 
(CH,CO,)Mn(III)TPP in CH,C1,(0.2 M TBAP): (1) no 


applied potential; (2) E app =0495_VavenSCEa 
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Figure 68. Spectra obtained for ca 0.8 mM 
(CH,CO,)Mn(III)TPP in CH,C1,(0.2 M TBAP): 
(13) 38 Sut Sw Peel) EA = 0.9 V, obtained after 
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range, the spectrum more closely resembles that of an 
isoporphyrin. When the potential is now stepped back to 
0.9 V vs SCE, where a t-cation radical should be reduced 
but an isoporphyrin should not, then spectrum 2 of Figure 
68 is observed. This is clearly consistent with those of 
isoporphyrins discussed previously. 

Although the evidence presented here does favour the 
formation of the perchlorate and isoporphyrin complexes 
according to reactionw/-2, it does not constitute proof 
that the mechanism of Figure 66 is correct. The reaction 
indicated between coordinated acetate and a porphyrin 1- 
cation radical is in apparent contradiction to the results 
of Chapter 5 where the cation radical of Zn(II)TPP was 
found to be stable in the presence of acetate. Similarly, 
the cyclic voltammetry of (CH3CO>)Fe(III)TPP, Figure 69, 
where two reversible oxidations are indicated suggests 
that neither the porphyrin t-cation radical nor the 
dication are powerful enough electrophiles to react with 
acetate coordinated to Fe(III). 

The Mn(III) atom in the porphyrin cavity appears to 
have a unique effect in enhancing the reactivity of the 
coordinated acetate. It is not impossible that a short 
lived Mn(IV) intermediate is involved, although no 
spectral evidence that this might be the case has been 


observed. It is well known [146] that acetate ion may 
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(CH,CO,)Fe(III)TPP in CHoC15(0.1 M TBAP); scan 
rate = 300 mV/s. 
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coordinate to metal ions in either bidentate or 
monodentate fashion, and that it may behave as a bridging 
ligand between two metal ions. The nature of the 
coordination of the acetate to the Mn(III) porphyrin might 
be an important factor in the reactivity of oxidized forms 
of (CH3CO>)Mn(III)TPP. 

Beers law plots of the acetate complex in 
dichloroethane or chloroform are linear through the 
concentration 107© to 1073 M, and display a zero 
intercept. This suggests that no dimerization reaction 
yielding, for instance, a bridged acetate diporphyrin 
species is involved. The molecular weight of the complex 
was determined to be 767 g/mole by vapour phase osmometry 
in CHjBrg- The formula weight of the monomer is 727 
g/mole. This corroborates the Beers law evidence that no 
Significant dimerization reaction occurs. When 
(CH3)3CCO2H was added to CHjCly (0.15 M TBAP) solutions of 
(CH3CO5)Mn(III)TPP, the voltammetric behaviour changed 
from that presented in section 7.1 for the methoxide 
complex to a form virtually indistinguishable from that 
observed for the acetate complex. It was anticipated that 
the steric bulk of the t-butyl group in the resulting 
trimethylacetate complex would significantly decrease the 
extent to which any bridged dimer might take part in the 


reaction. The similarity of the cyclic voltammetry of the 
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acetate and trimethylacetate complexes thus suggested that 
such bridged species were not involved. 

As noted in Chapter 2, the KBr disc IR spectrum of 
the acetate complex displays a strong absorbance at 1624 
cm7!, It is well established [147] that the C=O 
stretching vibration due to acetate bound in bidendate 
fashion occurs at wavenumbers below 1595. Hence, the 
acetate Jin (((CH[CO,)MmGEiL) TPP appears to be coordinated 
in a normal unidentate manner. This has also been 
suggested to represent the mode of acetate coordination in 
the complex (CH3CO 7)Mn(III)HmP (HmP = hematoporphyrin 
dianion) by Calvin et al [148]. This assignment was 
Similarly made on the basis of the IR spectrum. 

There does not appear to be any readily advanceable 
explanation for the apparent enhanced tendency toward 
isoporphyrin formation observed in the voltammetry of 
(CH3CO5)Mn(III)TPP. The mechanism merits further study as 
it might provide insight into the reports noted in Chapter 
5 of the reactions of isolated cation radicals with 
nucleophiles. Further study needs to be directed at 
characterizing the intermediates in the reaction 
mechanism. It is unlikely that electrochemical 
methodology alone will be able to provide many more clues 


in this regard. 
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7.4 Voltammetry of XMn(III)TPP; X = I7, Br7 


Figure 70a illustrates the cyclic voltammetric 
behaviour See eew 2oe IMmM( IER) TPP im CH5C1l, (0.15 Mm 
TBAP). The first anodic peak appears at 0.45 V vs SCE. 
This is ca 100 mV more positive than the first anodic peak 
observed in the cyclic voltammetry of tetramethyl ammonium 
iodide in this solvent, as illustrated in Figure 70b. The 
second anodic peaks of the two cyclic voltammograms of 
Figure 70 occur at identical potentials. The voltammetric 
behaviour of IMn(III)TPP at potentials between 0 and 1.0 V 
vs SCE is very clearly similar to that observed for iodide 
in the same potential region. Hence, the first two anodic 
peaks of Figure 70a are ascribed to electrochemical 
reactions arising from the presence of coordinated iodide, 
rather than to oxidation of the Mn(III) porphyrin 
itself. By analogy to known chemistry of I” [97], the 
first anodic peak likely arises from the oxidation of 
coordinated I”, resulting in the formation of I3 . The 


second anodic peak may then be ascribed to oxidation of 


Ts ° 
At more positive potentials, two additional 
reversible oxidations are observed at half wave potentials 
of 1.19 and 1.52 V vs SCE. These values are: clearly 
consistent with assignment of these processes to m-cation 


radical and dication formation, respectively. 
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Figure 70. Cyclic voltammetry in CH,C1,(0.15 M TBAP) 
of (a) 2 mM INn( LIL) PPP, (bd) (CH) NI; scan rate = 


250 mV/s. 
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Figure 71 illustrates the cyclic voltammetry observed 
for BrMn( IIL )TPP in CH5oCl, (0.2 M TBAP). Peak I is 
observed at a potential ca 80 mV more positive than that 
observed in a separate experiment for the oxidation of 
tetramethylammonium bromide in this solvent. This 
potential difference is consistent with that observed 
between the oxidation of I~ coordinated to Mn(III)TPP* and 
I~ added to the solution as the tetramethylammonium 
salt. The implication here is that peaks I and II 
represent the electrochemistry of coordinated bromide 
ion. The apparently reversible anodic peaks at more 
positive potentials then can be ascribed to formation of a 
porphyrin m-cation radical and dication, with associated 
half wave potentials of 1.19 and 1.52 V vs SCE, 
respectively. 

It) is interesting to note that Schardt et al. [22] 
have reported cyclohexyl bromide as a product when 
BrMn(III)TPP is reacted with iodosylbenzene in the 
presence of cyclohexane. The low potential at which 
bromide oxidizes with respect to the manganese porphyrin 
as observed here suggests that either Bry or bromine 


radical may be involved in the bromination reaction. 
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Figure 71. 


Cyclic voltammogram of 1.3 mM BrMn(III)TPP 
in CH,C1,(0.2 M TBAP); scan rate = 400 mV/s. 
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CHAPTER 8 


CONCLUDING REMARKS 


The intention in this chapter is to summarize a few 
of the things which have, and have not, been accomplished. 

The design of the thin layer cell described in 
Chapter 3 has led to a rapid and convenient means for 
determining the number of electrons involved in 
heterogeneous charge transfer reactions. Even in highly 
resistive media it is possible to use sweep rates an order 
of magnitude greater than those normally used in linear 
sweep thin layer voltammetry. This is an important 
consideration in the use of thin layer techniques for 
qualitative mechanistic diagnosis. It is hopefully 
apparent from this work that thin layer voltammetry is a 
powerful complement to conventional cyclic voltammetry in 
this regard. 

The development of the alternating current 
methodologies of Chapter 4 will lead eventually, it is 
hoped, to some more reliable data concerning the 
heterogeneous charge transfer kinetics of 


metalloporphyrins. Although the quantitative utility of 
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SMACRS has been emphasized, it should not be overlooked 
that the method holds much promise as a qualitative tool, 
as well. This aspect arises through the very high degree 
of selectivity attainable through the combined use of ac 
voltammetry and spectroscopic observation. The technique 
has already been successfully applied by others [149] for 
qualitative mechanistic diagnosis in the extremely 
complicated voltammetric behaviour of the bilirubin 
molecule. 

The voltammetric investigations of Chapters 6 and 7 
have lead to the recognition of a cyclic voltammetric 
pattern which should be readily attributable in future to 
the involvement of isoporphyrin formation in 
electrochemical studies of porphyrins. In all of the 
cases investigated here, the presence of an isoporphyrin 
led to the observation of an irreversible cathodic peak in 
the cyclic voltammetry at potentials ca 0.6 V negative of 
the formation of the porphyrin m-cation radical. 
Similarly, a new, reversible couple is observed at 
potentials ca 0.3 V positive of the formation of the 
porphyrin in-dicat ton. 

The mechanisms associated with isoporphyrin formation 
have not been unequivocally established, however, and 
deserve more attention. Similarly, the manner in which 


these species are reduced back to porphyrins is uncertain, 
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and the single electron apparently involved in this 
process seems contradictory. 

Concerning the manganese porphyrin complexes, it has 
not been possible, by varying the axial ligand, to obtain 
evidence for the electrochemical production of a Mn(IV) 
Species. Even when the strongly electron donating 
methoxide ion is coordinated to the metal, the anodic 
chemistry of the complex appears to be entirely associated 
with the porphyrin ligand. At the same time, it now seems 
clear that porphyrin complexes containing high-valent 
manganese have been produced by others through homogeneous 
reactions, as noted in the introduction. In all cases 
where high-valent manganese porphyrins have been 
identified, the metal atom occurs in a 6-coodinate 
environment. A coordination number of 6 may be a 
requirement for the existence of such a species. In 
future studies, work might be directed at forcing the 
metal into a 6-coordinate configuration, perhaps through 
the addition of a large excess of non-oxidizable 
coordinating ligand, such as acetate anion. These 
conditions might favour the electrochemical production of 
a complex containing the metal in a higher oxidation 


state. 
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APPENDIX 1 


BACKGROUND INFORMATION ON ELECTRODE KINETICS 


The following discussion is intended to provide a 
very brief introduction to some of the basic concepts of 
electrode kinetics, and to define some of the terminology 
used in the bulk of the thesis. The treatment follows 
that of Bard and Faulkner [78]. Their book is recommended 
for a more complete presentation of the material presented 
here and in Appendices 2 and 3, and may be consulted for 
references to the original literature. 

Current has units of coulombs, in essence electrons, 
per second. While a net electrolysis occurs at the 
surface of an electrode, each of the electrons transferred 
between the electrode and the electroactive species 
represents the occurence of a single electron transfer 
reaction. The current therefore provides a direct 
measurement of the instantaneous rate of the heterogeneous 
charge transfer process. 

If one considers a simple uncomplicated reduction 


process, as in equation Al-l 
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xe nes cts Red (Al-1) 


where Ox and Red represent the oxidized and reduced forms 
of a redox pair, and n is the number of electrons involved 
in converting one form to the other, the rate of the 
reaction, and hence the current, is controlled by a 
physical and a chemical process. The chemical process has 
to do with the kinetics, i.e. the magnitude of the forward 
and reverse rate constants, kr and kj} respectively, of the 
charge transfer process itself. The physical process 
involves the rate at which the electroactive species 
arrives at the surface of the electrode. 

The rates, or currents, associated with the forward 


and reverse reactions indicated in equation Al-1l are given 


by 


uy os nFAK ¢ Cox ({Al-2) 


and 


ts = nFAk}, Cr (Al-3) 


where Coy and Cp are the concentrations of Ox and Red at 


the electrode surface and A is the electrode area. Note 
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that if these have units of moles/cm?, then the rate 
constants k-¢ and ky, must have units of cm/s. 

Consider the case where the electrode interface is in 
equilibrium with a solution in which the bulk 
concentrations of Ox and Red, Cis and Gite are equal. The 
condition of equilibrium implies that the surface 
concentrations equal those in the bulk solution. The 
electrode potential under these conditions is equal to the 
formal potential, E°, of the redox couple. The rates of 
the forward and reverse reactions are equal under these 
equilibrium conditions, so that We Srlie ounces. Co. (= 7Co, 


it follows that 
ke = ky = ky 7 (Al-4) 


where kg, the standard rate constant, is defined under the 
equilibrium conditions discussed. 

If a potential E, negative with respect to E°®, is now 
applied to the electrode, then the system is no longer at 
equilibrium and a net cathodic current results. The rate 
constants associated with the forward and reverse 
reactions are now given by 

Ke =.k 


5 exp(-anF(E-E°)/RT) (Al-5) 
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ky, Cankenexp (8nF(E=E° )/RT) (Al-6) 


The charge transfer coefficient, a, expresses the fraction 
of the applied potential difference, E-E°, which goes to 
increasing the forward, by convention the cathodic, 
reaction. Similarly, 8 = l-a may be considered as the 
fraction of the potential difference which affects a 
decrease in the rate of the anodic reaction. 

The magnitude of the resulting net current is given 


by 


ete ape ip (Al-7) 


Substitution of equations Al-5 and Al-6 into Al-2 and 
Al-3, followed by inclusion of the resulting expressions 
for if and jij}, pin VA t-iieleads to 

i 


net eee ee CCos, CXp(—ankCE-E*.)/RT) 


- Cp exp(BnF(E-E°)/RT)) (Al-8) 


This equation is frequently referred to as the complete 
current-potential characteristic, and it, or one of its 
variations, forms the basis of all modern electrode 


kinetic theory. 
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Note that the concentrations in equation A1l-8 are 
surface concentrations, and not those in the solution 
bulk. If the rate of the charge transfer step itself is 
very large, so that equilibrium between the electrode 
potential and the surface concentrations may be attained 
instantly, then the current which results from the 
application of some potential depends entirely on the rate 
at which the electroactive species arrive at the electrode 
Surface. Where the mass transport of the electroreactant 
to the electrode from the solution bulk arises solely 
through diffusion under a concentration gradient, then the 
derivation of the current requires the solution of Ficks 
laws. For a net reduction, where diffusion of Ox is the 
factor limiting the magnitude of the current, these may be 


expressed as 


ooc (x, €) 
Ox 
ot 
and 
JC xX, Co) 97¢c (x,t) 
OxKeaae « Ox 
Prag eae! Dai sen seh (Al-10) 
ot dt 


The flux, Joy (Xt), is the net mass transfer rate of Ox at 
a given time, t, at some distance, x, into the solution 


from the electrode surface. Do, is the diffusion 
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coefficient of Ox. The magnitude of the current, for a 


diffusion controlled reduction process, is given by 
Mga en AWd 0100; (Al-11) 


The solution of these partial derivative expressions 
requires the establishment of certain initial and boundary 
conditions. These are specific to the particular 
experiment being performed. For the case where the 
electrode potential is stepped from a value where no net 
current flows to a value where the electrolysis reaction 
is diffusion controlled, and where only Ox is initially 
present in solution, then the familiar Cottrell equation, 


Al-12, results. 


1/2,* 
nFAD,, Cox 


Te) 2 Ore eae (Al-12) 


Tt ) 


The inverse time dependence of the magnitude of the 
current on the square root of time is typical of diffusion 
control of the electrode reaction. 

A second limiting case arises when the rate of mass 
transport is very great with respect to the charge 
transfer kinetics. Under these conditions linear 
relationships between the logarithm of the current and the 
applied potential frequently result. Such relations are 


typical of sluggish charge transfer kinetics. 
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APPENDIX 2 
CHRONOCOULOMETRY 


In the simplest form of the chronocoulometric 
experiment, as applied in this work, only one form of a 
redox couple is initially present in solution. The 
electrode potential is then pulsed from some initial 
value, E,;, to a value, E 5, where electrolysis of the 
electroreactant occurs at a diffusion controlled rate. E> 
is generally selected to lie a minimum of 100 mV on the 
other side of voltammetric half-wave potential from E£). 
The charge resulting from the faradaic process is then 
simply given by integration of the Cottrell equation, Al- 
12, yielding 


ee ok 2 
TT 


where D and C* are the diffusion coefficients and bulk 
concentration of the electroreactant. 

There will, in general, be a contribution to the 
response arising from the current required to charge the 


double layer capacitance. In the absence of uncompensated 
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If the charge-time transient is recorded, and then 
replotted as a function of tl/2, the slope of the 
resulting line allows calculation of the diffusion 
coefficient of the electroreactant provided the electrode 
area is known. Alternatively, if the diffusion 
coefficient is known, then the electrode area may be 
determined. The porphyrin diffusion coefficients reported 
in Chapter 5 were calculated from the chronocoulometric OQ 
vs ti/2 Slope after calibration of the electrode area with 
iM KCL solut Tons or Pate cceN) (5) The results of a typical 
chronocoulometric experiment for the oxidation of 


ferrocyanide are illustrated in Figure 72. 
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Figure 72. Chronocoulometry of 1.14 mM K) FeCN¢ 
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APPENDIX 3 


-CYCLIC VOLTAMMETRY 


In conventional cyclic voltammetry, only one form of 
a redox couple is initially present in solution. The 
potential of the working electrode is then swept linearly 
from a value where this form is stable to a value where 
the other form of the redox pair is favoured. 

If the charge transfer kinetics associated with the 
redox couple are rapid, the relative concentrations of the 
oxidized and reduced forms of the redox pair at the 
electrode surface must vary with the potential in 
accordance with the Nernst equation. Hence, as the 
working electrode potential nears the formal potential of 
the redox couple, a current must flow in order that the 
ratio of concentrations of the two forms at the electrode 
surface may be maintained at that dictated by Nernstian 
equilibrium. The current will continue to increase with 
the applied potential until, at some point past the formal 
potential, the surface concentration of the redox form 
initially present falls saseneially to zero. The current 
will now be controlled by the rate at which this species 
diffuses to the electrode surface from the solution 


bulk. As the region in which the electroreactant has been 
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depleted extends farther and farther out into the 
solution, the magnitude of the current will decay. 

At some point well past the formal potential of the 
redox couple, generally 100 mV or more, the direction of 
the potential scan is reversed. The behaviour of the 
current observed on the reverse scan may be explained by 
the same qualitative reasoning as that used for the 
forward sweep. Now, however, the other form of the redox 
couple predominates at the electrode surface and for some 
distance out into the solution bulk. 

No closed-form solution for the current-potential 
curve obtained in the cyclic voltammetric experiment 
exists. The present understanding of cyclic voltammetry 
comes, for the most part, from computer evaluations of the 
cyclic voltammetric response, and, in particular, those 
presented in the classic work of Nicholson and Shain 
[145]. These authors were able to provide quantitative 
characterization of the cyclic voltammetric response for a 
variety of electrode mechanisms. 

In the case where the electrolysis occurs at a 
diffusion controlled rate, the forward and reverse peak 
potentials will be separated by 59/n mV at 25°C. The mean 
of these two potentials is frequently used to estimate the 
reversible half wave potential of the redox couple. The 


peak current on the forward sweep increases linearly with 
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the square root of the scan rate, and the magnitudes of 
the forward and reverse peak currents are equal. 
Determination of the magnitude of the reverse peak 
Current is not straightforward. The baseline from which 
this current is measured is the decaying portion of the 
forward peak. Several techniques for experimental 
determination of the peak current ratio have been 


proposed. The method used in this work was apparently 


first suggested by Reinmuth (unpublished) and is discussed 


in reference 78. The cyclic voltammetric current is 


recorded as a function of time, rather than potential. As 


time and potential are linearly related, the peak on the 


forward sweep is equivalent to that obtained in the 


conventional experiment. At the end of the forward sweep, 


however, the scan direction is not reversed, but held 
constant.  sthesdecaying icunrent® is then recorded as a 
function of time. The experiment is then repeated and, 
this time, the scan direction is reversed at the end of 
the forward sweep. The reverse peak current is now 
recorded under the decaying baseline established in the 
first experiment. The method is illustrated in Figure 73 
for the* first“ oxidation of (CF3C05)Mna( TIT )TPP in'CH>Cl5 
(0.15 M TBAP). The method is readily extendable to 
determination of the forward and reverse peak currents 


associated with successive charge transfers. 
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Figure 73. Cyclic voltammogram of 1 m™ 
(CF.,CO,)Mn(III)TPP in CH,C15(0.15 M TBAP), recorded 
in Y-T mode illustrating method of determining 


forward and reverse peak currents; v= 100 mV/s. 
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If the charge transfer reaction is kinetically 
sluggish, then the forward and reverse peak currents need 
not necessarily be equal. In addition, the peak potential 
separation, AEDs will be greater than the 59/n mV 
predicted for the purely diffusion controlled case. The 
increase in AED may be used to determine the standard rate 
constant of the redox couple. Nicholson [150] has 
tabulated numerically generated values of a dimensionless 
parameter, ¥, given by 


D 
Ox» a7 2 ale 
boa ae Deek vine /RT) (A3-1) 


vs I 


This function depends only on nAE which in turn 


p! 
increases as the potential sweep rate increases. The peak 
separation yields a value of ¥ by comparison with 
Nicholson's tables. Equation A3-1 is then used to 
calculate kg. It is often assumed that Do, = Dp, and, in 
this case, the value of the charge transfer coefficient, 
a, need not be known. 

When an irreversible chemical reaction, yielding an 
electro-inactive product, follows the charge transfer 
step, the ratio of the cyclic voltammetric forward and 
reverse peak currents will be less than unity, the exact 


value depending largely on the potential sweep rate and 


the rate constant associated with the homogeneous 
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reaction. For a reduction, the presence of the following 
chemical reaction will cause the forward peak to shift to 
more anodic potentials at lower sweep rates. The 
direction of the potential shift is reversed where the 
forward peak represents an oxidation. 

The effects of other types of mechanisms on the 
cyclic voltammetric response where homogeneous reactions 
are coupled to the charge transfer process are detailed in 


references 78 and 145. 
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APPENDIX 4 


THE PROGRAM "THNLAY" 


This is a Fortran listing of the program used to 


calculate the thin layer voltammetric curves presented. 


The geometry asSumed in this version is the radial 


concentric configuration. The parameters which must be 


Supplied are as follows: 


NIN 


RAD 


RHO 


DL 


DREF 


CON 


POT 


DPOT 


SCNRT 


the number of volume increments to be assumed in 
the calculation. 

the radius of the electrode, in cm. 

the solution resistivity, in ohm-cm. 

the thickness of the thin layer cavity. 

the distance of the Luggin tip from the edge of 
the working electrode, in cm. 

the concentration of electroactive species, in 
moles/cm>. 

the working electrode potential at the beginning 
of the scan, E-E° in Volts. 

the potential increments for which you wish the 


current to be calculated, in Volts. 


the potential scan rate, in Volts/s. 
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These are entered initially in a separate file according 
to the format statements 19 and 29. 


The output of the program is a table of values, as 


follows: 

POT = the potential of the working electrode, E-E°, 
in Volts: 

HACUR = the theoretical current, in amps, calculated 
assuming no solution resistance. 

ESTTRUCUR = an estimate, in amps, of the true current. 

KOUNT = the number of iterations involved in 


calculating the estimate. 
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